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FOREWORD 


This  technical  phase  report  covers  all  vork  performed  under  Contract 
AF  CA( 6ll) -11609  from  2  May  1966  to  15  January  1967*  The  manuscript  was 
released  on  23  January  1967  for  publication  as  a  RTD  Technical  Report. 

This  contract  with  the  Research  and  Technology  Operations  of  the 
Aerojet-Oeneral  Corporation,  Sacramento,  California,  is  being  accomplished 
under  the  technical  direction  of  Lt.  R.  Schoner  (RPMC) ,  Air  Force  Flight  Test 
Center,  Rocket  Propulsion  Laboratory,  Edvards  Air  Force  Base,  California, 
93523. 


W.  Bradley  is  the  project  manager  for  this  program.  Contributions  in 
the  area  of  material  properties  were  made  by  A.  A.  Stenersen  and  Dr.  J.  DeAcetis. 
The  experimental  vork  pertaining  to  the  pyrolysis  of  the  virgin  materials  was 
conducted  by  Dr.  G.  R.  Tichelaar  and  L.  M.  Wurzer.  Design  and  fabrication  of 
the  Correlation  Motors  vas  coordinated  by  J.  Nicholson.  Work  relating  to  the 
effect  of  heat  soaking  and  thermal  cycling  on  insulation-case  bonds  vas  con¬ 
ducted  by  S.  Or chon. 

Publication  of  this  report  does  not  constitute  Air  Force  approval  of  the 
report's  findings  or  conclusions.  It  is  published  only  for  the  exchange  and 
stimulation  of  ideas. 
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ABSTRACT 


The  primary  purpose  of  this  program  is  to  investigate  the  properties  and 
behavior  of  elastomeric  Insulation  materials  during  multiple  restart  conditions 
and  the  influence  of  these  properties  on  materials  performance. 

During  the  first  phase  of  work,  tests  were  conducted  to  determine  the 
thermal,  chemical,  physical,  and  structural  properties  of  five  representative 
materials  for  correlation  at  a  later  date  vith  motor  performance.  Designs, 
test  firings,  and  performance  analyses  were  completed  for  the  three  correlation 
motors  (single  pulse,  two  pulse,  and  three  pulse).  The  effects  of  heat  soaking 
and  thermal  cycling  on  the  lap  shear  strengths  of  insulation-case  bonds  were 
determined. 
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SECTION  I 
INTRODUCTION 


Thi»  program  was  initiated  under  the  sponsorship  of  the  Air  Force  Rocket 
Propulsion  Laboratory.  The  primary  objective  was  to  investigate  the  properties 
and  behavior  of  elastomeric  insu.'*tion  during  transient  (heating  and  cooling) 
and  steady-state  heating  conditions,  and  the  influence  of  these  properties  on 
materials  performance.  A  second  objective  vas  to  develop  a  technique  for  pre¬ 
dicting  insulation  performance  for  any  stop-start  duty  cycle. 

The  program  was  divided  into  the  following  three  phases  of  work: 

Phase  1,  Laboratory  Investigations 
Phase  II,  Analytical  Study 
Phase  III,  Verification  Testing 

The  purpose  of  Phase  I,  Laboratory  Investigations,  was  to  (l)  determine 
the  properties  of  elastomeric  insulation  that  exert  the  greatest  influence  on 
performance;  (2)  establish  which  available  compositions  exhibit  the  best  per¬ 
formance;  and  (3)  determine  what  Insulation  ingredients  affect  perfornmnce. 

The  purpose  of  Phase  II,  Analytical  Study,  was  to  develop  an  analytical 
technique  for  predicting  insulation  performance  in  a  multistart  environment. 

The  purpose  of  Phase  III,  Verification  Testing,  was  to  verify  the  pe  for- 
mance  predicted  for  the  best  materials  determined  in  Phase  I  by  test  firing 
three  motors. 

The  initial  work  on  this  program  was  described  in  Quarterly  Report 
AFRPL-TR-66-246.  The  reporting  schedule  has  since  been  revised  to  phase-type 
reports.  This  report,  the  first  phase  report,  covers  the  tasks  completed  fr^m 
2  May  1966  to  15  January  1967.  It  contains  some  of  the  work  reported  in  the 
first  quarterly  to  provide  clarity. 
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SECTION  II 
SUMMARY 


This  report  pretest*  the  reault*  of  progress  made  during  the  period  from 
2  May  1966  to  15  June  196T,  under  Contract  AF  04(6ll)-ll609  and  includes  the 
following : 


A.  PROPERTIES  OF  MATERIALS 

The  15  commercially  available  elastomeric  insulation  m&terialB 
liated  in  Figure  1  were  selected  for  evaluation  in  the  program.  Thermal,  chemi¬ 
cal,  physical,  and  structural  properties  have  been  determined  on  five  representa¬ 
tive  material*  (OenOard  V-44,  GenOard  V-62,  40SA40,  SMR  8l-8  and  9790  V1-126K). 
Three  material  conditions  were  investigated:  virgin,  heat-soaked  virgin,  and 
char  formed  at  high  pressure  and  high  temperature.  These  data  will  be  correlated 
at  a  later  date  with  motor  performance  to  determine  the  properties  that  most  sig¬ 
nificantly  affect  performance.  These  properties  will  then  be  determined  on  the 
remaining  ten  materials. 

B.  CORRELATION  MOTOR  FIRINGS 

Three  correlation  motors — a  Bingle  pulse  (34.7  sec),  a  two  pulse 
(17.7  and  17.1  sec)  and  a  three  pulse  (10.7,  10.9  and  10.6  see)— were  success¬ 
fully  teat  fired  using  end  burning,  cartridge-loaded  ANB  3066  propellant  and  a 
nominal  operating  pressure  of  700  pai.  The  resulting  data  indicated  that,  of 
the  five  materials  tested  (V-44,  V-62,  40SA40,  SMR  8l-8  and  9790  V1-126K) ,  the 
V-62  and  9790  V1-126K  performed  the  best  in  the  single  pulse  motor.  In  the  mul- 
tipulse  motor,  the  V-62  performed  the  best  at  the  lower  mass  flux  levels  while 
V-44  was  the  best  at  the  higher  mass  flux  levels.  The  three  motor  firings  also 
demonstrated  that  the  five  materials  had  higher  ablation  and  regression  rates 
in  the  multipiute  firings  than  in  the  single  pulse. 

C.  EFFECT  OF  HEAT  SOAKING  AND  THERMAL  CYCLING  IN  INSULATION-CASE  BONDS 

Lap  shear  testing  was  conducted  on  five  insulation-adhesive  combi¬ 
nations  to  evaluate  insulation-case  bond  integrity  under  heat  soaking  and  ther¬ 
mal  cycling  environments.  Heat  soaked  specimens  were  subjected  to  5-  and  30-min 
soak  periods  at  250°F  while  the  thermal  cycling  specimens  were  subjected  to 
single  and  ten  cycles  of  -65  to  250  to  -65°F.  In  general,  no  significant  dif¬ 
ference  in  strength  was  noted  as  s  result  of  heat  soak  or  thermal  cycling. 
However,  the  strengths  of  the  thermal  cycled  specimens  were  considerably  lower 
when  tested  at  250°F  than  when  tested  at  -65°F. 
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SECTION  III 
TECHNICAL  DISCUSSION 


The  scope  of  the  work  discussed  in  this  report  includes:  (1)  determining 
the  thermal,  chemical,  physical,  and  structural  properties  of  five  elastomeric 
Insulation  materials;  (2)  conducting  three  pulse  motor  test  firings  for  the  pur¬ 
pose  of  obtaining  performance  data  that  can  be  correlated  against  properties; 
and  (3)  determining  the  effect  of  heat  soaking  and  thermal  cycling  on  insulation- 
case  bonds. 


A.  PROPERTIES  OF  FIVE  MATERIALS  (TASK  A,  PHASE  I) 
1.  Materials  Selection 


♦ 


Commercially  available  elastomeric  insulation  materials  have 
been  reviewed  for  use  in  the  program.  Fifteen  materials  were  selected  for  evalu¬ 
ation,  reflecting  present  experience  in  large  solid  rocket  boosters,  operational 
solid  rockets,  and  developmental  controllable  rocket  motors.  These  15  materials 
were  divided  into  five  general  composition  groups,  as  shown  in  Figure  1.  One 
material  from  each  group  was  selected  for  investigation  in  this  task.  These 
materials,  which  are  considered  to  be  representative  of  their  groups,  are  as 
follows : 


Material  Class  Material  Designation 


Supplier 


NBR 

SBR 

Urethane 

Butyl 

EPR 


Gen-Gard  V-UU 
Gen-Gard  V-62 
UOSAUO 
SMR  8l-8 
9790V1-126K 


General  Tire  fc  Rubber 
General  Tire  &  Rubber 
American  Polytherm 
Stoner  Rubber  Co. 
General  Tire  4  Rubber 


2 .  Determination  of  Properties  of  Representative  Materials 

a.  Properties  and  Specimen  Conditions 

The  properties  determined  on  the  five  representative 
materials  are  shown  in  Figure  2.  Specimens  were  prepared  in  the  following 
three  conditions : 

(1)  Virgin  material,  as-received. 

(2)  Virgin  material  after  exposure  to  u  simulated  beat- 
soak  temi  erature  at  ambient  pressure  to  represent  the  soak  period  after  each  of 
the  first  two  pulses. 

(3)  Char  formed  by  a  high  pressure,  high  heat-flux  expo¬ 
sure  of  virgin  material. 
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Material  Cod? 

IH  Class 

Elastomer 

Filler 

Supplier 

Oeo-Gard  V-44 

Butadiene- 

Acrylonitrile 

Asbestos-Silica 

General  Tire  a 

Rubber  Co. 

■-396 

BBR- Phenolic 

Inorganic  Hydrate 

B.  F.  Goodrich 

W-UT37 

BBR-Phenolic 

Bllics 

Fiberite  Corp. 

m  3000  (Mod) 

Low  Temperature 
BBR-Phenolic 

Boric  Acid 

U.  S.  Rubber  Co. 

Gen-Oard  V-50 

Low-Temperature 

BBR 

Silica- Asbestos 

General  Tire  & 

Rubber  Co. 

0*n-0ard  V-51 

Low-Temperature 

BBR 

Silica 

General  Tire  a 

Rubber  Co. 

Gen-Oard  V-6l 

Epoxy-Polysulflde 

BBR 

Asbestos 

General  Tire  & 

Rubber  Co. 

850-18C 

PBAB-Epoxy 

(Trowelable) 

Asbestos 

Carbon  Black 
Potasaiua-Titanate 
Ant imooy-Tr ioxide 

Aerojet-General  Corp. 

BBR  Class 

Oen-Oard  V-62 

SBR-Phenolic 

Silica 

General  Tire  a 

Rubber  Co. 

Urethane  Class 

408A  2 

Urethane 

Silica 

Pot as s lum-Tlt anat e 

American  Polythem  Co 

UOSA  40 

Urethane 

Silica 

Potassium-Titanate 

American  Poiytherm  Co 

Butyl  Class 

SHR  81-8 

Butyl 

Asbestos -Silica 

Stoner  Rubber  Co. 

SMR  31-15 

Butyl 

Asbestos 

Potassium-Titanate 

Silica 

Stoner  Rubber  Co. 

EPR  Class 

9750\'I-126K 

Ethylene-Propylene 

Silica 

General  Tire  a 

r  r* 

auuww* 

USR  3804 

Ethylene-Propylene 

Silic^ 

U.  S.  Rubber  Co. 

Figure  1.  Prospective  Elastomeric  Materials 
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Virgin  Material 

Kinetic  Studies  (TGA) 

Differential  Thermal 
Analysis  (DTA) 

Density 

Thermal  Conductivity 

Heat  Capacity 

Heat  of  Combustion 

Pyrolysis  Gases 

Regression  Rates 

Tensile  Strength 
and  Elongation 


Virgin  Material 
Heat  Soaked 

Kinetic  Studies  (TGA) 

Differential  Thermal 
Analysis  (DTA) 

Density 

Thermal  Conduct ivi  .y 

Heat  Capacity 

Heat  of  Conibustlon 

Pyrolysis  Gases 

Wet£V  Toes 

Tensile  Strength 
and  Elongation 

Degradation  Products 

Density 

Heat  Capacity 

Thermal.  Conductivity 

Viscosity 

Heat  of  Cracking 

Heat  of  Formation 


Char  Layers 
Density 
Permeability 
Pore  Spectra 
Thermal  Conductivity 
Heat  Capacity 
Thermal  Expansion 
Emissivity 
Reflectivity 

Shear  Strength 
Compressive  Strength 
Tensile  Strength 


Figure  2.  Properties  to  be  Investigated 


i 
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III,  A,  Properties  of  Five  Materials  (Task  A,  Phase  I)  (cont.) 

b.  Tenting  of  Virgin  and  Heat-Soaked  Virgin  Material 

In  this  task,  the  effect  of  heat  soak  on  the  properties  of 
the  virgin  material  was  originally  scheduled  for  determination  after  heat  soaking 
at  a  temperature  of  500°F  for  5  and  30  min  under  ambient  pressure  conditions « 
Preliminary  heat-soak  tests  were  conducted  using  samples  of  the  five  types  of 
materials  (V-M»,  V-62,  U0SA40,  SMR  8l-8,  and  9790  V1-126K)  and  indications  were 
that  the  500°F  temperature  was  too  high.  After  30  min  of  this  temperature,  there 
was  excessive  swelling  of  the  SMR  8l-8  material  (see  Figure  3).  The  IjOSaUo 
samples  became  soft  and  mushy.  To  determine  the  exact  maximum  temperature/soak 
time  criteria  that  each  material  could  withstand  and  still  be  considered  as  heat- 
soaked  virgin  material  would  have  required  more  program  effort  and  time  than  con¬ 
sidered  warranted.  Therefore,  a  decision  was  made  on  the  basis  of  the  results 
of  the  above  tests  and  thenaogravimetric  (TGA)  data  to  use  a  U00°F  heat-soak 
temperature  for  periods  of  5  and  30  min  in  the  program.  This  is  the  temperature 
at  which  weight  loss  was  first  noted  during  the  TGA  tests,  indicating  decomposi¬ 
tion  initiation. 


A  discussion  of  the  test  procedures  used  in  determining  the 
thermal,  chemical,  physical,  and  structural  properties  is  given  in  Appendix  I; 
the  results  are  discussed  as  follows: 

(1)  Kinetic  Studies  (TGA) 

The  results  of  TGA  tests  are  shown  in  Figures  U 
through  8.  In  general,  no  noticeable  effect  is  seen  between  virgin  and  heat- 
soaked  materials.  In  the  case  of  1*0SAU0,  further  analysis  and  study  will  be 
required  to  justify  the  behavior  of  the  material  heat  soaked  for  30  minutes,  as 
opposed  to  the  other  two  40SA40  material  types.  As  mentioned  above,  the  TGA 
test  results  were  also  U3ed  to  select  a  heat-soak  temperature  for  use  in  the 
program.  A  review  of  the  curves  indicates  that  decomposition  was  essentially 
initiated  at  200°C  (400°F). 


Apparent  -hemical  kinetic  rate  equations  have  been 
derived  (Figure  9)  for  the  virgin  and  heat-soaked  virgin  materials  (complete 
composite  materials),  based  upon  the  linear  heating  rate  to  the  sample  under¬ 
going  thermal  decomposition  and  the  characteristic  shape  of  each  sigmoid  TGA 
curve.  The  derivation  of  these  rate  equations  involved  the  determination  of 
the  activation  energy,  frequency  factor,  and  order  of  reaction  from  each  parti¬ 
cular  TGA  curve.  These  apparent  rate  constants  will  be  used  in  the  analytical 
model  studies  in  Phase  II  of  the  program. 

To  determine  the  dependence  of  heating  rates  on  the 

r»-f*  t>a1  vmorl  n  cnhcf  on  r*  o  c  a  +.>mr*mncrrav*i  r*  flnftlvfl'?*  VAS  nmd#*  nn 

V-U4  at  10°C/min,  as  opposed  to  the  original  20°C/min.  Analysis  of  the  10°C/min 
data  indicates  that  approximately  the  same  kinetic  rate  constants  were  obtained 
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t - 1 - 1 - 1 - r 


100  ?0Q  *00  IjOO  S00  600  700 

Temperature,  *C 

Figure  4.  Oh ermogravl metric  Analysis  of  V-44;  Heating  Rate:  20*c/min 
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Figure  6.  Thermo gravimetric  Analysis  of  40SA**0j  Heating  Rate:  20°C/min 
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m 


T 


fob 


Virgin  am  81-8 


Heat  Soaked  $  aln.  at  1*00  *F 
ffaat  Soaked  30  «ln.  at  1*00  #F 


100  200  300  1*00  $00  600  700 

Taaparature,  *C 

Figure  7.  Thernogravimetric  Analysis  of  SMR  81-8;  Heating  Hate:  20*C/min 
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Figure  9.  Apparent  Chemical  Kinetic  Rate  Constants  of  Virgin  Material 
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Figure  9-  Apparent  Cheaic&l  Kinetic  Rate  Constants  of  Virgin  Material 
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HI.  A.  Properties  of  Five  Material*  (Task  A.  Phase  l)  (cont.) 


(see  Figure  9)*  The  eaaential  difference  in  the  two  TGA  curves  (Figure  k)  is 
that  at  the  lower  heating  rate,  the  decomposition  range  of  V— hU  is  decreased 
approximately  50°C.  Although  this  information  Is  quite  preliminary,  some  evi¬ 
dence  la  seen  that  perhaps  even  at  higher  heating  rates,  similar  chemical  kinetic 
rate  constants  may  he  observed. 

(2)  Differential  Thermal  Analysis  (DTA) 

The  results  of  the  DTA  analyses  are  shown  in 
Figure  10.  From  this  figure.  It  Is  seen  that,  in  general,  decomposition  of  the 
materials  produces  slightly  exothermic  reactions  over  the  temperature  range  of 
the  test.  Also,  the  materials  exhibited  an  endothermic  reaction  in  the  tempera¬ 
ture  range  of  b00°  to  500°C.  Ho  apparent  test  significance  can  be  ascertained. 

(3)  Density 

The  density  data  for  the  virgin  and  heat-soaked  vir¬ 
gin  materials  are  tabulated  in  Figure  11  and  graphically  presented  in  Figures  12, 
13,  and  lb.  These  data  show  that  there  was  no  significant  effect  of  the  heat 
■oak  an  the  density  except  in  the  case  of  the  bOSAbQ  material  when  tested  at 
elevated  temperatures.  These  data  also  show  that  the  SMR-81-8  is  the  heaviest 
and  the  V-62  the  lightest  material. 

( b )  Heat  Capacity 

The  heat  capacity  data  are  tabulated  in  Figure  15  and 
graphically  presented  in  Figure  16.  These  data  show  that  V-62  and  9790VI-126K 
have  the  highest  heat  capacity,  and  that  heat  soaking  has  a  significant  effect 
on  the  heat  capacity  of  the  materials. 

(5)  Thermal  Conductivity 


Results  of  the  thermal  conductivity  tests  are  shown 
In  Figure  17  and  graphically  presented  in  Figure  18.  These  data  were  calculated 
using  the  following  equation: 


where 


k  *  ap  C 

P 

k  *  thermal  conductivity,  Btu-in. /hr-ft-°F 
a  *  thermal  diffusivity,  ft2 /hr 
p  ■  density,  lb/ft’ 

C  ■  specific  heat,  Btu/lb  °F 


The  specific  heats  and  densities  values  of  the  virgin  materials  were  at  the  same 
conditions  as  the  thermal  diffusivity. 
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Material 


Condition 

V44 

V62 

405A4Q 

SMA  81-8 

9750-V1-126K 

Virgin 

n.  •«* 

.00* 

1 

irr 

|m  -4 

102* 

-  1.063 
1.063 

100*-1.337 

1.338 

102*-1.353 

lt349 

102*-  1.091 
1,093 

Ave. 

1.269 

1.063 

1.338 

1.331 

1.092 

T2.  ** 

249* 

-  1.203 
1.204 

246* 

-  0.996 
0.994 

242e-1.262 

1.264 

246 *-1.286 

kM 

250°-1.024 

1.023 

Ave. 

1.204 

0.993 

1.263 

1.287 

1.025 

T3.  •!> 

300* 

-  1.206 
1.206 

302* 

-  1.004 
0.997 

302*-1.266 

1.261 

300°-1.29 ■ 
1.295 

300*-  1.011 
1.012 

Ave. 

1.206 

1.000 

1.264 

1.294 

1.012 

3  Min.  Heat  Sorted  «  400‘P 


Ti.  “F 

100*  -  1.276 
1.276 

102*  -  1.C62 

101°-1.260 

100*-1.355 

1.352 

102“-  1.091 
1.091 

Ave. 

1.276 

1.062 

1.260 

1.35: 

1.091 

t2.  “f 

249*  -  1.201 
1.210 

244*  -  0.995 
0.997 

239°-1.182 

1.177 

239°-1.284 

1.285 

250°-  1.024 
1.028 

Ave. 

1.205 

0.996 

1.179 

1.285 

1.G26 

t3,  *v 

300°  -  1.212 
1.204 

302°  -  1.001 
0.999 

293*-l. 168 
1.067 

292*-1.291 

1.289 

299*-  1.013 
1,014 

Av-. 

1.208 

1.000 

1.118 

1.290 

1.014 

30  Min.  Heat  Soaked  3 

400°F 

Tl.  *F 

100* 

-  1.272 
1.281 

102“  -  1.062 
1.063 

100 “-Too 
porous  to  run 

102*-1.358 

1.354 

102*-  1.090 
1.090 

Ave. 

1.276 

1.063 

1.336 

1.090 

*2.  •* 

249“ 

-  1.213 
1.207 

248*  -  0.997 
0.999 

239“-Melted 

239°-1.288 

1.288 

250°-  1.027 
1.025 

Ave. 

1.210 

0.998 

1.288 

1.026 

T3.  T 

300° 

-  1.214 
1.210 

302°  -  1.004 
1.006 

29SC-Melted 

295*-l,291 

1.289 

298°-  1.018 
1.025 

Ave. 

1.212 

1,005 

1.290 

1,021 

Figure  11.  Density  (ga/cc)  of  Virgin  Materials 
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Figure  13.  Density  of  Virgin  Materials  Heat -Soaked  for  5  min  at  400°F 


Temperature,  *F 


Figure  .14.  Density  of  Virgin  Materials  Heat-Soaked  for  30  min  at  400*F 
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Materiel 


V-44 

V-62 

40SA40 

SMR  81-3 

9790V1-126K 

Virgin 

150°F 

0.3967 

0.4722 

0.3134 

0.3245 

0.4594 

0.4290 

0.4716 

0.3084 

0-3305 

0jiS2i 

Average 

0.4139 

0.4719 

0.3110 

0.3275 

0.4595 

250#F 

0.4242 

0.4622 

0.3936 

0.3925 

0.4357 

0.4103 

0.4486 

Qfjgia 

0.3938 

0.4313 

Average 

0.4172 

0.4554 

0.3892 

0.3931 

0.4335 

300°F 

0.4306 

0.4419 

0.4032 

0.4154 

0.5088 

0.4203 

0.4419 

0.3962 

0.4267 

0.4939 

0.4886 

Average 

0.4294 

0.4419 

0.3998 

0.4210 

0.4971 

5  min  Heat  Soak 

at  400°F 

150°F 

0.3484 

0.4679 

0.3413 

0.3500 

0.4711 

0,3425. 

0.4654 

0.3642 

0.3776 

0.4682 

Average 

0 , 3460 

0 . 4666 

0.3527 

0.3638 

0.4696 

250°F 

0.3450 

0.4461 

0.3368 

0.3553 

0.4329 

0.4446 

0.3201 

0.4487 

0.3358 

0.3370 

0.4388 

Average 

0.3326 

0.4474 

0.3363 

0 . 3461 

0.4388 

300°F 

0.3591 

0.4433 

0.3696 

0.3738 

0.4595 

0.3^92 

0.4593 

0.3544 

0.4501 

Average 

0.3592 

0.4513 

0.3621 

0.3658 

0.4548 

30  min  Heat  Soak  at  400°F 

150°F 

0.3494 

— —  _ 

Melted 

0.2660 

0.4681 

0.3731 

0.4602 

0.2730 

0.4606 

Average 

0.3612 

0.4602 

0.2695 

0.4643 

250°F 

0.3437 

0.4455 

Melted 

0.2789 

0.4517 

0.3734 

0.4622 

0.2954 

0.4496 

Average 

0.3586 

0.4538 

0.2872 

0.4506 

300°F 

0.3641 

0.4328 

Melted 

0.3364 

0.4483 

0.3635 

0.4390 

0.3392 

0.4885 

Average 

0.3637 

0.4359 

0.3379 

0.4684 

Figure  15.  Heat  Capacity  of  Virgin  Materials  (cal/gm/°C 
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Material 

Temperature , 

*F 

Vlreln 

1  *15 

Heat-Soaked** 

5  min 

Heat  Soaked 
30  min 

V~kk 

RT 

1.26? 

1.198 

150 

2.165 

1.081 

1.464 

250 

1.T89 

1.058 

1.400 

V-62 

RT 

1.348 

1.203 

1.078 

150 

1.08U 

l.lUo 

1.156 

250 

1.090 

1.070 

1.213 

kOBAkO 

RT 

2.060 

1.514 

— 

150 

1.980 

1.4C  1 

— — 

250 

1.935 

1.8i8 

SMR  8l-8 

ftl- 

1.157 

1.113 

0.921 

150 

1.U21 

1.305 

1.112 

250 

1.450 

1.310 

i.l4o 

9790V1-126K 

HT 

1.390 

1.108 

0.9T1 

150 

1.230 

1.350 

1.242 

250 

1.156 

1.191 

1.151 

*Btu-in.  /hr-ft^-0F 
••Heat-soaked  at  400°F 


Figure  17 


Thermal  Conductivity*  of  Virgir  Materials 
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III,  A,  Properties  of  Five  Materials  (Task  A,  Phase  I)  (cont.) 


The  thermal  conductivity  of  the  virgin  materials ,  in 
•11  oases  except  for  the  V-M  and  SMP  81-8  materials,  decreased  vith  temperature. 
The  thermal  conductivity  of  the  heat  soaked  materials  generally  increased  vith 
temperature  and  were  approximately  the  seme  order  of  magnitude  as  those  for  the 
virgin  material.  Only  in  the  cases  of  the  UoSAbO  and  VM  materials  vere  there 
appreciable  differences.  The  highest  conductivity  vas  obtained  on  the  VUU  and 
ItOSAkO  virgin  materials  (approximately  2  Btu-in.  /hr-ft2-°F) .  The^  heat- soako:* 
materials  had  conductivity  values  between  1  and  1.5  Btu-in. /hr- ft2-°F. 

(6)  Heat  of  Combustion 

The  heat  of  combustion  test  results  are  given  in 
Figure  19.  V-62  has  the  highest  heat  of  combustion.  There  appears  to  be  no 

significant  change  because  of  heat  soaking. 

(7)  Tensile  Strength  and  Elongation 

The  tensile  strength  and  ultimate  elongation  test 
results  are  given  in  Figure  20.  Heat  soaking  has  a  significant  effect  on  the 
tensile  strength  and  elongation,  particularly  on  materials  heat  soaked  for 
30  min.  All  levels,  even  the  lov  values  for  the  heat-soaked  materials,  should 
be  satisfactory  for  the  majority  of  start-stop  applications. 

(8)  Weight  Loss 

The  weight  losses  occurring  during  heat  so^ik  are 
shown  in  Figure  21.  These  data  show  that  all  weight  losses  are  less  than  1?!. 
Effects  of  weight  loss  of  this  order  on  materials  performance  (regression  and 
ablation  rate)  are  expected  to  be  insignificant. 

The  ingredients  lost  on  heat  soak  at  U00°F  can  be 
water,  low  molecular  weight  plasticizers,  and  other  low-molecular  weight  binder 
constituents.  Since  V-UU  normally  loses  from  0.5  to  l.OJf  water  on  heating  at 
300°F,  it  is  apparent  that  the  material  lost  in  V-UU  is  primarily  water.  The 
ingredients  lost  in  7-62,  SMR  81-8,  UOSA^O,  and  9790V1-126K  on  heat  soak  are 
also  expected  to  be  primarily  water. 

(9)  Regression  and  Ablation  Rates 

Regression  and  ablation  rates  were  determined  for  all 
15  candidate  materials  rather  than  Just  the  five  representative  materials  for 
use  in  a  later  task  when  the  best  materials  will  be  selected.  These  rates  were 
obtained  by  meanB  of  plasma  arc  testing  at  heat  flux  levels  of  50 ,  100,  and 
225  Btu/ft^-sec  using  1/2  diameter  specimens,  instrumented  and  shrouded,  as  dis¬ 
cussed  in  Appendix  I.  The  specimens  were  subjected  to  eight  heating  cycles 
(15  sec  on,  15  sec  off)  to  simulate  a  multipulse  environment. 
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Figure  19.  Heat  of  Combustion  of  Virgin  Materials 
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Figure  20.  Mechanical  Properties  of  Virgin  Materials 
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III,  A,  Properties  of  Five  Materials  (Task  A,  Phase  I)  (cont.) 


Although  plasma  sure  test  results  do  not  generally 
show  the  same  ablation  rates  encountered  in  motor  firings  because  reduced  sur¬ 
face  regression  takes  place  and  other  degrees  of  simulation  are  not  close  enough, 
they  do  provide  good  qualitative  results.  In  multicycle  firings  another  factor 
is  encountered  in  comparison  to  single  pulses;  that  is  the  potential  loss  of 
char  at  the  initiation  of  every  pulse.  With  the  particular  type  of  specimens 
used  during  plasma  testing,  the  char  vas  essentially  kept  in  position  by  the 
shrouding.  With  these  considerations  in  mind,  the  test  results  are  shown  in 
Figure  22  and  further  presented  in  Figures  23  through  25.  These  data  show  that, 
based  on  plasma  arc  testing,  the  four  best  materials  at  three  heat  flux  levels 
would  be:  (l)  V-62,  N356,  MX  4737  and  USR  3804  at  a  heat  flux  of  50  Btu/ft  -sec; 
(2)  *7356,  USR  3800,  MX  U737,  and  V-62  at  100  Btu/ft2-sec;  and  (3)  V-62,  N356, 

UPR  3800,  and  USR  3804  at  225  Btu/ft2-aec. 

Temperature-time  data  were  also  obtained  on  the 
15  materials  at  three  different  thermocouple  depths  and  at  the  three  heat  flux 
levels.  These  data  are  shown  in  Figures  1  through  15  of  Appendix  II.  In  order 
to  prerent  mere  readily  comparable  data,  the  above  results  have  been  standard¬ 
ized  for  thermocouple  depths  of  0.070  and  0.120  and  plotted  in  the  form  Bhown 
in  Figures  26  through  30,  A  dotted  line  has  been  added,  passing  through  the 
average  t*»jperature  for  each  cycle  and  the  materials  below  that  line  should  be 
among  the  best  candidates. 


Each  plasma  arc  specimen  was  visually  examined  for 
type  of  char,  retention  of  char  at  the  char-virgin  interface,  and  condition  of 
virgin  material  at  interface.  As  indicated  in  Figure  31,  only  in  the  caseE  of 
the  N356,  MX  4737,  850 -15C,  USR  3800,  40SA2,  and  V6l  materials  was  the  char- 
virgin  interface  intact.  In  these  instances,  the  plasma  arc  results  should  be 
more  quantitatively  correct  than  for  those  where  the  interface  separated. 

c.  Determination  of  Degradation  Products 

The  degradation  products  of  the  pyrolyzed  virgin  materials 
as  determined  by  mass  spectrographic  techniques  are  shown  in  Figure  32.  The 
temperature  used  for  the  pyrolysis  was  550°C,  as  determined  from  previous  ther- 
mogravim^ti ic  analysis  of  the  virgin  materials.  Several  experiments  were  run 
using  atomic  grade  helium  at  550°C  in  vacuum,  0.10  psig,  69.9  psig,  139. T  psig, 
and  34Q.3  psig  to  determine  the  shift  in  gas  phase  chemical  composition,  if  any, 
with  pressure.  A  presrure  of  349.3  psig  was  determined  to  be  the  limiting  pres¬ 
sure  needed  to  cause  no  further  measurable  change  in  composition,  as  denoted  by 
the  mass  spectrometer.  It  was  also  determined  that  no  significant  difference 
(within  er-perimental  accuracy  and  reproducibility)  in  chemical  composition  was 
obtained  between  the  gaseous  pyrolysis  products  obtained  from  the  heat  soaked 
materials  and  those  from  virgin  pyrolysis  products.  An  example  of  this  compari¬ 
son  is  shown  in  Figure  33  for  SMR  8l-8  materials. 
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(1)  Average  ablation  and  regression  rates  during  8  heating  cycles  (15  sec  on,  15  sec  off) 
at  heat  flux  levels  of  50,  100,  and  225  Btu/ft2 -sec. 

(2)  Synonymous  with  erosion  rate. 


(3)Negatlve  regression  rate  is  due  to  expansion  in  the  char  or  ablation  zone  during 
testing. 

Figure  22.  Plasma  Arc  Tests'1' 
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Figure  24.  "  lasma  Arc  Ablation  Rates  at  100  Btu/ft  -sec 

Page  34 


Material 


Report  AFRPL-TR-6T-33 


Page  35 


Jltpori  AJRPL^nR-oT-33 


Itm’r) 


Figure  27.  Temperature  -Time  Data*  on  15  Materials  Subjected  to  a  50  Btu/ft 

Heat  Flux  Level 
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Figure  28.  Temperature -Time  Data*  on  15  Materials  Subjected  to  a  100  Btu/ft 
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29.  Temperature  -Tine  Data*  on  15  Materials  Subjected  to  a  100  Btu/tt 

Heat  Flux  Level 


Report  APRPL-TR-67-33 


Material 

Separation  at 
Char-Virgin 
Interface 

Soft 

Decomposition 

Zone 

Char 

Cracks 

Char 

Strength 

N-356 

No 

No 

No 

Excellent 

MX-4T37 

No 

No 

No 

Excellent 

850-150 

No 

No 

No 

Excellent 

V-6l 

No 

No 

Yes 

0ood^1) 

USR  3800 

No 

Yes 

No 

0ood^1) 

40SA2 

No 

Yes 

No 

Good(l) 

USR  3804 

Yes  k  No 

Yes 

No 

Good*1* 

40SA40 

Yes  k  No 

Yes 

No 

Good*1* 

SMR  81-8 

Yes 

Yes 

Yes 

Fair 

SMR  81-15 

Yes 

Yes 

Yes 

Fair 

9790V1-126K 

Yes 

Yes 

Yes 

Fair 

V-44 

Yes 

Yes 

Yes 

Fair 

V-50 

Yes 

Yes 

YeB 

Fair 

V-51 

Yes 

Yes 

Yes 

Fair 

V-62 

Yea 

Yes 

Yes 

Fair 

(l)  Char  strength  decreases  from  outer  layer  towards  decomposition  zone. 


Figure  31.  Observations  on  Char  Properties  after 

Plasma-*Arc  Exposures  at  50,  100,  and  225 
Btu  ft2-sec 
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Figure  33.  Comparison  of  Quantitative  Analysis  of  Cast 
for  Virgin  and  Beat-Soared  Virgin  SMR  8l-8 
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ITT,  a,  Properties  of  Five  Materials  (Task  A,  Phase  T)  eont, / 


The  molecular  types  of  gases  obtained  from  the  mass  spee- 
trographic  analysis  were  as  expected  at  this  temperature  and  pressure  level. 

The  major  constituents  were  generally  the  low  molecular  weight  gases  consisting 
of  hydrogen,  methane,  ethane,  ethylene,  propylene,  carbon  monoxide,  carbon 
dioxide,  and  water  vapor.  The  higher  molecular  weight  compounds,  such  as,  the 
cyclic,  heterocyclic,  and  straight-chained  molecules  were  found  to  be  present 
only  in  trace  amounts.  These  data  were  compared  to  data  obtained  by  MadorBky, 
et  al.,  who  investigated  pyrolysis  products  obtained  from  similar  types  of 
materials,  and  it  was  found  that,  in  general,  similar  gas  species  were  generated. 

The  resulting  residues  obtained  from  the  pyrolysis  of  the 
virgin  materials  were  also  analyzed  for  their  chemical  constituents.  Standard 
techniques  of  X-ray  diffraction,  emission  spectroscopy,  and  elemental  analyses 
were  employed  in  this  determination.  The  results  of  this  analysis  are  shown  in 
Figure  34.  The  major  solid  constituents  in  this  case  were  magnesium  oxide, 
silicone  oxide,  carbon,  zinc  oxide,  and  in  the  case  of  4\JSA40,  titanium  dioxide. 

From  the  above  identification  of  the  gaseouB  pyrolysis 
products,  heats  of  combustion  data  are  being  obtained  for  each  of  the  pyrolysis 
gases  from  published  literature.  When  this  data  has  been  obtained,  the  thermo¬ 
chemical  properties  of  a  one-mole  mixture  of  gases  will  be  calculated.  These 
properties  include  heat  of  combustion  and  the  transport  properties,  i.e., 
viscosity,  heat  capacity,  and  thermal  conductivity.  The  heat  of  combustion  of 
the  charred  gases  will  also  be  used,  along  with  the  heat  of  combustion  of  the 
charred  materials  shown  in  Figure  34  to  calculate  the  heat  of  formation  of  the 
virgin  composite  materials.  All  of  these  data  will  be  used  in  the  analytical 
model  equations  in  a  later  phase. 

It  is  realized  that  the  heating  environment  in  a  rocket 
motor  is  much  more  severs  than  in  a  laboratory  type  heating  furnace.  Conse¬ 
quently,  different  fragments  or  even  increased  or  decreased  amounts  of  the 
reported  compositions  may  result  because  of  thermal  cracking  of  the  polymers. 
Further  refinement  in  this  area  is  suggested  to  evaluate  the  effect  of  heat  flux 
on  polymer  degradation. 

d.  Testing  of  Charred  Materials 

Work  was  first  conducted  on  a  procedure  for  obtaining 
charred  materials  in  the  quantities  or  sizes  required  for  property  tests.  A 
high-pressure,  high-temperature  heating  apparatus  (see  Appendix  I)  operating  at 
700  psi  at  a  heat  flux  of  100  Btu/ft2-sec  was  used  in  preparation  of  the  samples. 
Various  sample  sizes  and  ways  of  exposing  them  to  the  simulated  heat  and  pres¬ 
sure  of  actual  firings  were  used.  Samples  of  the  five  basic  materials  were 
first  prepared  by  exposing  the  entire  outer  surface  to  the  heat  source  (graphite 
susceptor)  as  shown  in  Figure  35  until  steady-state  temperatures  were  reached. 
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Figure  3**.  Quantitative  Analysis  and  Heat 

of  Combustion  of  Charred  Materials 
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III,  A,  Properties  of  Fivo  Materials  (TaBk  A,  Phase  I)  (cont.) 


In  all  casco,  except  for  the  UOSAftO,  which  slumped  without  charring,  (Figures  36 
through  Uo)  a  hard  surface  containing  carbon  was  forced  by  deposition  of  carbon 
in  the  pores  of  the  material  from  the  cracking  of  the  gases  emanating  from  the 
decomposition  zone.  Some  delaminttion  was  noted  running  parallel  to  the  direc¬ 
tion  that  the  materials  were  laid  up  in  prior  to  vulcanisation.  When  the  samples 
were  sectioned,  a  fine,  powdery  core  was  exposed.  Because  the  samples  were  not 
uniform  in  structure,  they  were  generally  unsatisfactory  for  use  in  determining 
char  properties. 


Samples  of  the  five  basic  materials  were  then  prepared  by 
exposing  only  the  tops  of  the  samples  to  the  hot  zone  of  the  susceptor,  as  shown 
in  Figure  35.  The  remaining  surfaces  of  each  sample  were  protected  by  a  shroud 
of  FTV-60.  This  creates  an  effect  on  the  materials  similar  to  that  of  an  actual 
firing.  The  specimens  were  made  long  enough  (2  in.)  so  that  some  virgin  material 
would  remain  after  charring.  After  steady-state  temperatures  were  achieved  on 
the  top  surfaces,  the  pressure  was  released  and  the  samples  dropped  away  from 
the  heating  source.  Visual  observations  made  during  the  runs,  and  comments  on 
the  condition  of  each  sample,  are  presented  in  Figure  1*1.  Photographs  of  each 
sample  are  shown  in  Figures  k2  to  4'  and  indicate  the  extent  of  delamination  and 
virgin  material  swelling  chat  occurred  after  shutdown.  All  chars  were  loose 
from  the  virgin  decomposition  zone. 

Charred  specimens  of  V-M  material,  1/2  x  1/2  x  1  in.  long, 
were  then  prepared  by  the  end  heating  technique  except  that  the  specimens  were 
heated  to  steady-state  temperatures  on  both  the  top  (1520°C)  end  bottom  (UTO°C) 
surfaces.  Steady-state  temperatures  were  attained  in  approximately  25  min. 

A  backside  temperature  of  l*TO°C  was  selected  because  this  should  be  approximately 
the  ablation  temperature  of  the  materials  involved  and  completely  charred 
materials  should  then  be  obtained.  Density  and  X-ray  diffraction  tests  were 
conducted  on  these  specimens  to  determine  uniformity  of  composition.  The  results 
show  that  the  specific  gravity  was  the  lowest  at  the  flame  surface  (0.506), 
increased  through  the  hard  char  areas  (0. 61*6-0. 708-0. TTO) ,  and  decreased  near 
the  final  decomposition  or  ablation  zone  (0,6o8),  The  specific  gravity  of  the 
virgin  material  is  1.269*  indicating  that  an  average  weight  loss  of  approxi¬ 
mately  50%  occurred  during  charring.  The  density  pattern  is  generally  rimilar 
to  that  being  considered  in  the  analytical  model  studies  being  conducted  in 
Phase  II.  The  X-ray  diffraction  scans  were  quite  similar  along  the  length  of 
the  specimens,  indicating  that  no  essential  changes  in  composition  existed. 

Because  the  end  heating  technique  appeared  to  give  satis¬ 
factory  char  for  use  in  determining  char  properties,  all  test  specimens  for  the 
program  were  thus  prepared  in  this  manner.  All  specimens  were  fabricated  with 
the  laminations  running  parallel  with  the  end  surface  to  simulate  actual  layup 
in  motor  applications.  Figure  U6  shows  examples  of  various  specimens  as 
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As  Removed  from  Charring  Apparatus 

Fine  Powder 
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After  Further  Handling 


Figure  3b.  V-kk  Charred  by  Exposing  Entire  Surface  to  Heat  Sour 
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As  Removed  from  Charring  Apparatus 


After  Further  Handling 


Figure  37-  V-62  Charred  by  Exposing  Entire  Surface  to  Heat  Source 
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As  Removed  from  Charring  Apparatus 

Figure  38.  UOSA^O  Charred  by  Exposing  Entire  Surface  to  Heat  Source 
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As  Removed  from  Charring  Apparatuc 


After  Farther  Handling 


Figure  39.  oriR-Si-c  Charred  by  Exposing  r.niire  Surface  to  Heat 


Figure  4l.  Observations  Made  on  Charring  Test6  (End  Heated) 
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Hi,  A,  Properties  of  Five  Materials  (Task  A,  Phase  I)  (cont.) 

charred.  Note  how  some  of  the  specimens  delaminated,  apparently  at  the  inter¬ 
faces  where  the  materials  were  laid  up  prior  to  vulcanization.  See  Appendix  I 
for  a  discussion  of  the  test  procedures  UBed  in  determining  the  following 
properties : 


(l)  Bulk  Density 

The  bulk  densities  of  the  charred  materials  were 
obtained  both  from  Correlation  Motor  specimens  and  from  laboratory  specimens. 
See  Paragraph  B  below  for  discussion  on  Correlation  Motors.  As  shown  in 
Figure  1*7,  the  densities  of  each  material  exhibited  some  variation,  not  only 
between  the  motor  specimens  and  the  laboratory  t-pecimens,  but  within  the  motor 
specimens.  The  average  densities  of  the  Correlation  Motor  specimens  and  the 
average  densities  of  the  la  oratory  specimens  were  both  approximately  UojC  of 
the  density  of  the  virgin  materials,  indicating  a  60Jf  wight  loss  during 
charring. 


Weights  were  also  taken  prior  to  and  after  the  char¬ 
ring  on  all  other  specimens  used  throughout  the  program.  Although  no  correction 
was  made  for  any  possible  specimen  expansion  that  might  have  occurred  during 
charring,  the  average  weight  retentions  were  essentially  the  same  as  those 
reported  in  Figure  1*7  (V-UU  -  1*9.6*.  V-62  -  33.5*.  U0SAl*0  -  1*2.3*,  SMB  81-8  - 
53.5*.  and  9790VI-126K  -  39.5*). 

(2)  Permeability 

The  permeability  of  the  charred  specimens  has  not 
been  determined  for  each  particular  material,  as  further  analysis  of  the  data 
shown  in  Figure  1+8  is  required  in  order  to  mathematically  describe  the 
relationship  between  the  mass  flux  of  gas  through  the  charred  materials  and  the 
associated  pressure— loss  function.  The  data  shown  in  the  figure  above  is  not 
completely  described  by  the  classical  Darcy  equation  for  compressible  flow 
through  small  conduits .  The  initial  portion  of  the  data,  where  the  upstream 
pressure  is  of  the  order  of  0.200  psig  with  a  corresponding  and  relatively  low 
mass  flow,  appears  however,  to  verify  Darcy's  equation.  It  is  believed  that  a 
second-order  term  involving  the  mass  flow  rate  is  needed  in  addition  to  the 
first-order  term  in  Darcy’s  equation  to  adequately  describe  the  entire  regime. 
Therefore,  the  data  shown  in  this  figure  will  be  further  analyzed  prior  to  con¬ 
ducting  the  statistical  analysis  which  will  correlate  properties  with  motor 
performance. 


(3)  Pore  Spectra 

The  pore  spectra  results  are  shown  in  Figure  1*9  for 
both  laboratory  specimens  and  specimens  taken  from  the  single-pulse  correlation 
motors.  These  data  show  that  V-l+U  and  SMR  8l-8  had  the  lowest  pore  volume. 
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Figure  47.  Bulk  Density*  of  Char 
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Figure  **7-  Bulk  Density*  of  Char 
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III,  A,  Properties  of  Five  Materials  (Task  A,  Phase  I)  (coat.) 


The  obtained  in  the  lab  specimens  for  SMR  £l-8  is  questionable  because  at 

a  total  pressure  of  5000  psi,  the  amount  of  mercury  being  intruded  into  the  open 
pore  structure  was  still  increasing  with  volume.  Normally,  at  these  elevated 
pressures,  a  jowliu#  pore  voluse  is  reached  sherebjr  an  Increase  in  pressure  does 
not  force  additional  mercury  into  the  specimen. 

(4)  Shear,  Compressive,  and  Tensile  Strength 

The  shear,  compressive,  and  tensile  strength  proper¬ 
ties  shown  in  Figure  49  indicate  that  V-62  char  has  the  best  overall  properties. 
These  properties  are  quite  difficult  to  measure  because  of  the  frangible  nature 
of  the  chars,  so  the  results  should  be  considered  more  qualitative  than 
quantitative. 


(5)  Emissivity  and  Reflectivity 

The  emittances  of  the  charred  specimens  were  calcu¬ 
lated  according  to  the  following  equation: 


where 


E 

E 


's' 

(V* 

normal  total  emissivity 
surface  temperature,  °R 
block-body  temperature,  °R 


At  thermal  equilibrium,  the  energy  emitted  must  equal  that  absorbe>  ,  since  no 
energy  is  transferred;  consequently,  the  emissivity  must  be  equal  to  the  frac¬ 
tion  absorbed.  Since  all  radiant  energy  reaching  an  opaque  body  must  be  either 
absorbed  or  reflected,  the  fraction  absorbed  (equal  to  the  emissivity)  is  related 
to  fraction  reflected  by  1,0  minus  the  amount  absorbed. 

The  emissivity  and  reflectivity  te3t  results  are  given 
In  Figure  r0.  These  data  indicate  that  the  emittances  of  the  specimens  increased 
with  temperature  from  their  point  of  incandescence  to  approximately  ?190°F. 

These  values  were  compared  to  literature  values  for  graphite  and  phenolic-nylon 
chars,  and  it  was  found  that  the  latter  values  were  generally  consistent  with 
the  calculated  values.  Of  the  five  charred  materials  tested,  V-62  had  the  lowest 
observed  emissivity. 

No  attempt  was  made  to  study  the  emittance  character¬ 
istics  of  the  materials  as  a  function  of  surface  condition  or  surface  roughness . 
That  is,  the  emittance  characteristics  of  the  char  may  be  directly  dependent 
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III,  A,  Properties  of  Five  Materials  (Task  A,  Phane  I)  (cont.) 


upon  the  method  of  formation  of  the  char,  whether  it  be  *yy  an  aerodynamic  heat¬ 
ing  method  or  by  a  static  (oven)  heating  method.  It  has  been  found,  for  example, 
that  the  earittance  of  carbon  changes  rather  abruptly  from  a  polished  surface  to 
an  oxidised  surface.  In  the  case  of  carbon,  the  emittance  changes  from  about 
0.T0  for  a  polished  surface  to  about  0.90  upon  initial  oxidation,  and  then  to 
0.97  with  further  oxidation.  Further  investigation  in  this  field  is  warranted. 

(6)  Thermal  Conductivity 

The  thermal  conductivity  test  results  are  shown  in 
Figure  31  and  graphically  presented  in  Figure  52.  In  all  cases,  the  thermal 
conductivity  of  the  charred  materials  increased  with  temperature.  At  approxi¬ 
mately  ?50°F,  electronic  noise  level  in  the  apparatus  was  of  such  a  magnitude 
that  interpretation  of  further  data  was  not  possible.  The  exact  nature  and 
cause  of  the  noise  response  at  this  temperature  level  is  not  known.  Preliminary 
observations  indicate  that  the  charred  material  continued  to  Iobc  its  structural 
integrity  beyond  its  original  fragile  and  flaky  nature.  This  introduced  thermal 
contact  problems  between  the  charred  specimen  and  the  measuring  backface  thermo¬ 
couple  probe.  For  adequate  time-temperature  response  curves  obtained  according 
to  the  flash  technique  for  determining  thermal  diffuslvity,  it  is  necessary  and 
very  important  that  good  thermal  contact  be  made  between  sample  and  sensing 
thermocouple.  Generally,  a  small  external  force  is  placed  upon  the  thermocouple 
to  insure  contact.  However,  in  this  case,  no  external  force  could  be  used;  but, 
instead,  the  thermocouple  was  carefully  allowed  to  Just  reBt  against  the  samples. 

It  is  believed,  at  tnis  point,  that  some  progress  can 
be  made  in  eliminating  the  problems  associated  with  thermocouple  contact,  elec¬ 
tronic  noise  level,  and  very  fragile  specimens.  Recent  advances  in  the  field  of 
Infrared  detectors  indicate  that  it  may  be  possible  to  replace  the  thermocouple 
sensing  technique  with  a  much  more  reliable  system  bated  upon  optical  techniques . 
In  addition,  using  this  latter  system,  it  would  also  be  possible  to  determine 
thermal  diffusivity  at  much  higher  temperatures. 

Another  problem  encountered  with  seme  of  the  charred 
specimens  was  that  the  pyrolyzed  sample  was  nonconductive  electrically.  With 
the  use  of  the  thermocouple  sensor,  the  sample  material  is  used  as  part  of  the 
hot-junction  of  the  thermocouple  to  definitely  insure  that  contact  is  made  with 
the  sample;  and,  consequently,  for  nonconductors,  this  method  fails.  To  allevi¬ 
ate  this  problem  somewhat,  an  atomic  layer  of  aluminum  was  deposited  on  one  face 
of  the  sample  by  vapor  deposition.  Although  this  provided  for  good  thermal  con¬ 
tact  and  good  electrical,  conduction,  the  deposited  aluminum  did  not  adhere  very 
well  to  the  flaky  specimens.  The  use  of  aluminum  with  its  relatively  low  melting 
point  also  limits  the  operating  temperature  range.  Further  investigation  in  this 
field  should  be  pursued. 


Page  66 


v-hil  7-62  kOSAUO _  Sffi  81-8  979371- I26K 


Report  AFRPL-TR-67-33 


.  JAQOiQQIAVA 

s  n  s  g  H  21  p 


\a 

VA 

OS 

a 

i/N 

\a 

\A 

\r\ 

H 

GO 

rH 

>0 

O 

CM 

<A 

GO 

. 

• 

• 

• 

• 

• 

• 

«M 

CO 

CM 

<**• 

CO 

CM 

!  e  «  a  s  s  &  s 

H  05  r-f  CM  3  \A  >0  Os 


-7 

tr\ 

GO 

XA 

co 

\A 

<*> 

cv 

t*- 

H 

XA 

O 

-3“ 

• 

• 

• 

« 

• 

H 

H 

CM 

cm 

CM 

J  h  a,  a  8  S 

H  ea  H  cm  us  t>- 


I 


3 

§ 

§ 

-a 

OS 

-5J 

3 

8 

CO 

£ 

S 

£ 

oo 

0 

0 

0 

O 

0 

0 

d 

0 

d 

ns 

& 

3 

S, 

CM 

3 

IA 

630 

8 

sO 

xr\ 

rl 

C"— 

Rage  07 


Figure  51.  Thenaai  Conductivity  of  Charred  Materials 
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Figure  52.  Thermal  Conductivity  of  Charred  Materials 
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III,  A,  Properties  of  Five  Materials  (Task  A,  Phase  I)  (cont.) 

(7)  Heat  Capacity 

The  heat  capacity  teat  data  are  presented  in 
Figure  33  and  graphically  presented  in  Figure  5b.  The  data  show  that  the  V-62 
and  9790VI-1261C  chars  have  the  highest  heat  capacity. 

(8)  Thermal  Expansion 

The  thermal  expansion  data  are  shown  in  Figure  55  in 
in./in.°F,  and  graphically  presented  in  Figure  56  as  in. /in.  These  data  show 
that  the  V-62  char  would  expand  the  least  over  a  range  of  temperatures. 

All  data  will  now  he  used  in  Task  C  where  the  signifi¬ 
cant  properties  are  to  he  selected  hy  correlating  these  data  with  motor  perfor¬ 
mance  results  from  Task  B. 

e .  General  Comments 

One  of  the  significant  factors  that  influence  the  perfor¬ 
mance  of  elastomeric  insulation  materials  in  multiple  restart  applications  is 
the  strength  and  integrity  of  the  char  layer-virgin  material  interface  after 
ahutdown.  In  the  correlation  siotors  discussion  in  Section  B,  it  vas  shown  that 
the  chars  from  the  five  representative  materials  were  separated  from  the  virgin 
materials  at  the  end  of  each  firing  and  thus  were  undoubtedly  lost  imskedlately 
after  ignition  of  the  next  pulse.  This  led  to  higher  ablation  rates  than  would 
have  resulted  if  the  chars  had  remained  in  place.  The  existence  of  this  weak 
zone  vas  shown  in  both  the  plasma-arc  and  charring  apparatus  specimens.  In  only 
a  few  instances  was  the  interface  intact  and,  in  addition,  the  virgin  decomposi¬ 
tion  zone  vas  generally  a  weak,  soft  structure.  This  type  of  structure  existed 
in  only  one  location  in  the  cycled  plasma  specimens,  indicating  that,  because 
the  char  vas  maintained  in  position  by  the  shrouding,  gases  from  each  successive 
heat  cycle  had  "coked"  out  the  previous  decomposition  zone. 

Another  factor  that  can  influence  the  performance  of  the 
materials  is  the  effect  of  prolonged  heat  soak  on  the  virgin  materials  at  tem¬ 
perature  Just  below  the  char  forming  temperature  during  shutdown.  Even  at 
temperatures  as  low  as  UOO°F,  it  vas  shown  that  some  of  the  properties  were 
significantly  affected  and  that  certain  of  the  materials  exhibited  considerable 
swelling  at  ambient  pressure ,  such  as  would  be  encountered  during  shutdown. 
Swelling  vas  also  evident  on  certain  of  the  plasma-arc  specimens  and  on  the 
virgin  material  portion  of  the  charring  apparatus  specimens.  This  occurred  on 
the  charring  apparatus  specimens  after  t>  pressure  had  been  released  and  the 
specimens  dropped  away  from  the  heating  source.  Ho  swelling  was  noted  on  the 
portion  of  the  specimens  charred  under  pressure.  This  was  evident  not  only  from 
a  visual  examination,  but  also  from  a  caparison  of  weight  loss  on  machined  and 
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Figure  53.  Rest  Capacity  of  Charred  Material* 
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Figure  56 .  Thermal  Expansion  of  Charred  Materials 
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with  no  correction  for  possible  changes  In  dimensions . 

A  preliminary  comparison  of  the  five  materials  by  their 
properties  is  shown  In  Figure  57.  These  data  show  that  V- 62,  9790VI-126K,  and 
V-UU  should  perform  the  beat  in  motor  firings .  This  is  the  same  general  order 
obtained  during  the  firing  of  the  three-pulse  motors. 

B.  CORRELATION  MOTOR  FIRINGS  (TASK  B,  PHASE  I) 

The  perforrrAnces  of  the  five  basic  insulation  materials  were  obtained 
by  using  standard  EM-lU  (Genie)  motors  modified  to  pulse  motors.  The  Insulation 
specimens  were  located  in  the  aft  end  of  the  motor  and  instrumented  v  t  h  thermo¬ 
couples  so  that  heat-transfer  data  could  be  obtained  along  with  regression  and 
ablation  rates.  In  addition  to  being  used  in  the  selection  of  significant 
material  properties  in  Task  C  of  Phase  I,  these  data  will  also  be  compared  with 
computer-calculated  values  in  Phase  II.  Any  discrepancy  observed  between  the 
experimental  and  calculated  values  will  be  studied  to  refine  the  model  equations. 
Three  motor-firing  tests  were  conducted  under  ambient  temperature  conditions :  a 
single-pulse,  a  two-pulse,  and  a  three-pulse  motor.  End  burning,  cartridge- 
loaded  grains  of  ANB-3066  propellant  were  used,  operating  at  a  nominal  chamber 
pressure  of  TOO  psi. 

1.  Design 

Figure  58  shows  the  overall  configuration  of  the  motors, 
details  of  which  are  covered  in  Drawing  112722U.  Motor  design  calculations 
(Appendix  III),  using  the  latest  available  property  data  on  Minuteman  propellant 
AHB-3q66-2,  Indicate  that  a  0.958-  to  0.y62-in.-dia  nozzle  is  needed  to  attain 
the  desired  nominal  operating  pressure  of  700  psi.  Segments  of  all  five  of  the 
insulation  materials  were  installed  in  each  aft  closure.  Silver-ir.filtrated- 
tungsten  throats  and  silica-phenolic  nozzle  approaches  and  insulators  were  used. 


The  heat-flux  pattern  expected  in  the  aft  closures  was  calcu¬ 
lated  with  the  heat-transfer  coefficient  given  by  the  Colburn  equation. 

Figure  59  snows  that  the  cold-wall  heat  flux  varied  from  approximately  ko  to 
565  Btu/ft2-sec.  Thermocouples  were  installed  as  shown  in  Figure  60.  These 
thermocouples  were  located  along  lines  passing  through  positions  B  and  D  (see 
Figure  59),  corresponding  to  expected  heat-flux  levels  of  225  and  100  Btu/ft^- 
sec. 


2.  Firing  of  Single-Pulse  Motor 

The  single-pulse  correlation  motor  was  successfully  fired  on 
30  September  i960.  An  evaluation  of  the  ballistic  data  indicates  a  nominal 
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Figure  57-  Property  Ratings  for  Five  Materials 
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Figure  60.  Thermocouples  for  Correlation  Motors 
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III,  B,  Correlation  Motor  Firings  (Task  B,  Phase  I)  (cont.) 


operating  chamber  pressure  of  615  psi,  a  burn  time  of  34.71  sec,  and  a  burning 
rate  of  0.321  in. /sec.  The  pressure-time  trace  for  the  motor  is  presented  in 
Figure  6l.  Prefiring  and  postfiring  photographs  of  the  motor  and  insulated  aft 
closure  are  shown  in  Figures  62  to  67. 


of  Two-Pulse  Motor 


The  first  pulse  of  the  two- pul Be  correlation  motor  was  success¬ 
fully  fired  on  10  October  1966,  but  a  hang- fire  occurred  on  second-pulse 
ignition.  The  hang- fire  was  traced  to  an  open  circuit  in  the  ignition  system 
within  the  motor,  which  presumably  occurred  during  first  pulse  firing,  since 
the  circuitry  had  been  checked  for  continuity  Just  before  countdown.  The  hang- 
fire  necessitated  disconnecting  all  instrumentation  and  removing  of  the  motor 
from  the  test  stand.  New  ignition  leads  were  installed,  and  the  second  pulse 
was  fired  successfully  on  18  October  1966.  The  ballistic  data  indicate  nominal 
operating  chamber  pressures  of  657  and  640  psi,  burn  tinea  of  17.74  and  17.06  3ec, 
and  burning  rates  of  0.319  and  0.322  in. /sec,  respectively.  Figure  68  presents 
the  pressure-time  trace  for  the  motor.  Postfiring  photographs  of  the  motor  are 
shown  in  Figures  69  and  70.  Postfiring  views  of  the  insulated  aft  closure  are 
shown  in  Figure  71  for  the  first  pulse  and  in  Figure  72  for  the  second  pulBe. 

In  both  the  two-  and  three-pulse  motors,  the  V-62  samples  were  2-in. -wide  bars 
rather  than  1/5  segments.  40SA40  was  used  on  both  sides  of  the  bars. 


4.  Firing  of  the  Three-Pulse  Motor 


The  three-pulse  correlation  motor  was  successfully  fired  on 
7  November  1967.  Evaluation  of  the  ballistic  data  indicates  nominal  operating 
chamber  pressures  of  678,  715,  and  718  psi;  burn  times  of  10.75,  10. 92,  and 
10.55  sec;  and  burning  rates  of  0.345,  0.340,  and  0.351  in. /sec,  respectively. 
The  pressure-time  trace  for  the  three-pulse  motor  is  presented  in  Figure  73. 
Postfiring  photographs  of  the  motor  and  insulated  aft  closure  are  shown  in 
Figures  74  to  75* 


The  firing  data  for  all  three  correlation  motors  are  summarised 
in  Figure  T6.  The  variability  In  the  nominal  operating  pressures  between  the 
three  correlation  motors  can  be  partially  explained  by  slight  differences  in 
propellant  burning  rates,  but  the  basic  explanation  is  revealed  in  the  shape 
of  the  pressure  curves  in  relation  to  burn  time.  All  curves  bad  the  same  general 
shape,  exhibiting  higher  pressures  during  the  initial  phases  of  the  firing  and 
gradually  dropping  off  as  the  firings  progressed.  However,  in  the  three-pulse 
motor  in  particular,  and  to  some  degree  in  the  two-pulse  motor,  the  firings  ter¬ 
minated  while  the  pressures  were  at  higher  levels  than  in  the  single-pulse  motor. 
This  led  to  higher  nominal  operating  pressures. 
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Figure  63.  Prefire  View  of  Single -Pulse  Motor 


Figure  65.  Postfire  View  of  Single-Pulse  Motor 


Figure  66.  Prefire  View  cf  Insulated  Aft  Closure  on  Sing  It- -Pulse  Motor 
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Figure  69.  Postfire  Close-up  of  Nozzle  on  Two-Pulse  Motor 
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Figure  72.  Postfire  View  of  Insulated  Aft  Closure  after  First  Pulse 

on  Two-Pulse  Motor 
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HI,  B,  Correlation  Motor  Firings  (Task  B,  Phase  I)  (cont.) 


At  the  conclusion  of  each  firing,  the  remaining  char  thicknesses 
were  measured  first,  and  then  the  aft  closures  were  sectioned  into  five  pieces 
and  measured  for  lost  virgin  material .  Average  char  thicknesses  and  observa¬ 
tions  on  the  condition  of  the  char  are  presented  in  Figure  77.  All  char  had 
separated  from  the  virgin  material  at  the  end  of  the  firings,  except  in  d  few 
areas  of  the  408A4o  material.  Section  drawings  covering  the  regression  and 
ablation  profiles  for  all  materials  are  shown  in  Figures  78  through  80.  The 
resulting  regression  and  ablation  rates  for  all  three  motors  are  tabulated  in 
Figure  8l  and  graphically  presented  in  Figures  82  and  8'i  as  a  function  of  mass 
flux.  These  data  indicate  that  of  the  five  materials  tested,  the  V-6r>  and 
9790VT-126K  materials  performed  the  best  in  the  single-pulse  motor.  In  the 
multipulse  motors,  the  V-62  exhibited  the  best  performance  at  the  lower  mass- 
flux  levels,  while  V-44  had  the  best  performance  at  the  higher  mass-flux  levels. 
These  results  correlate  quite  well  qualitatively  with  plasma-arc  data  on  the 
same  materials  (see  Figure  84). 


The  three  motor  firings,  conducted  under  the  Bame  firing  condi¬ 
tions  and  for  the  same  total  durations,  have  also  demonstrated  (see  Figure  85) 
that  all  five  materials  had  higher  ablation  and  regression  rateB  in  the  two-  and 
three-pulse  firings  then  in  the  single-pulse  firings,  undoubtedly  because  much 
of  the  protective  char  formed  during  each  pulse  was  lost  immediately  after  igni¬ 
tion  of  the  next  pulse.  That  the  char  is  lost  is  indicated  by  the  progressive 
reduction  in  remaining  char  thicknesses  in  the  two-  and  three-pulse  motors  and, 
as  mentioned  above,  by  separation  of  all  char  from  the  virgin  material  at  the 
end  of  each  firing. 

As  also  noted  in  Figure  85,  the  ablation  rates  of  some  of  the 
materials  were  higher  in  the  two-pulse  than  in  the  three-pulse  motor.  If  the 
char  is  lost  between  pulses,  as  surmised  above,  each  subsequent  firing  is 
essentially  a  new  firing.  The  ablation  rates  should,  therefore,  have  been  the 
highest  in  the  three-pulse  motor  because  of  its  shorter  burn  time  per  pulse: 

34.7,  17.4,  and  10.74  sec  for  the  single-,  two-,  and  three-pulse  motors, 
respectively.  It  is  not  yet  known  whether  the  hang- fire  in  the  two-pulse  motor, 
with  its  long  delay  between  pulBes  (8  days  versus  5  min  in  the  three- pulse  motor) 
could  have  contributed  to  the  increased  rates.  The  exact  significance  of  this 
delay  will  be  verified  in  Phase  III  of  the  program,  when  the  5-  and  12-pulse 
verification  motors  are  fired.  Along  this  same  line,  total  ablation  has  been 
plotted  against  burn  time  per  pulse  in  Figure  86  for  heat-flux  levels  of  50, 

100,  225,  and  400  Btu/ft  -sec.  These  curves,  presumably,  can  be  used  to 
estimate  total  ablation  for  any  combination  of  pulses.  For  example,  if  V-62 
is  selected  as  one  of  the  materials  to  be  tested  in  £he  5-  and  12-pv Lse  motors, 
it  should  have,  at  the  heat-flux  level  of  100  Btu/ft  -sec,  a  total  ablation 
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Figure  80.  Section  through  Aft  Closure  of  Three-Pulse  Motor  Showing  Regression. 

and  Ablation  Profiles 
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Figure  8l  Ablation  and  Regression  Rates  for  Correlation  Motors 
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Figure  82.  Regression  hate  of  Correlation  Motors  vs  Mass  Flux 


Figure  8k.  Correlation  of  Plasma  Arc  Data  and  Motor  Firing  Data 


Figure  86.  Ablation  vs  Bum  Time  per  Pulse 
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III,  B,  Correlation  Motor  Firings  (Task  B,  Phase  I)  (cont.) 


of  approximately  0.650  in.  in  the  5-pulse  motor  (20  sec  per  pulse,  100-sec 
total  duration)  and  0.420-in.  in  the  12-pulse  motor  (5  sec  per  pulse,  60-sec 
total  duration). 

If  the  selection  of  insulation  for  a  solid  rocket  is  not  con¬ 
figuration  (thickness)  limited,  then  a  factor  consisting  of  the  density  times 
the  ablation  rate  can  be  useful  in  identifying  the  more  desirable  materials. 
Figure  87  shows  this  product  for  the  material!  used  in  the  correlation  motors. 
The  lower  the  number,  the  better  the  material.  On  this  basis,  V-62  and  9790 
V1-126K  are  the  beat  candidates. 


Thermocouple  data  were  obtained  for  each  pulse  during  the  three 
motor  firings.  These  data  provide  temperature-time  histories  from  two  predeter¬ 
mined  depths  (0.150  and  0.300  in.)  within  each  material  and  at  two  heat-flux 
positions  (100  and  225  Btu/ft^-sec ) ,  as  shown  in  Figures  59  and  60.  They  will 
be  used  in  the  analytical  model  studies  in  Phase  II  of  the  program,  where  they 
will  be  compared  to  computer-calculated  values. 

C.  EFFECT  OF  HEAT  SOAKING  AND  THERMAL  CYCLING  ON  INSULATION-CASE 
BONDS  (TASK  G,  PHASE  I) 

Lap  shear  strength  was  used  as  the  criterion  to  evaluate  the 
integrity  of  the  insulation-case  bond  under  heat-soaking  and  thermal-cycling 
environments.  The  specimens  were  prepared  with  the  following  vulcanized  insula¬ 
tion  materials  and  adhesive  systems  on  4130  steel  substrates. 


Insulation 


Adhesive 


Supplier 


v-44 

v-62 

UosaUo 

SMR  8l-8 
9790V1-126K 


Thixon  PU/1209 
Thixon  XD9777/XD8394 
Multron  R12/Mondur  CB-75 
Chemlock  203/231 
Epon  921  A/B 


Dayton  Chemical  Products  Laboratory 
Dayton  Chemical  Products  Laboratory 
Mob ay  Co. 

Hughs on  Chemical 
Shell  Chemical 


The  adhesive  systems  are  briefly  described  below: 

Thixon  PU/1209  is  a  nitrile- type,  thermosetting  system  with 
good  flexibility  and  high  strength.  P4  is  the  primer,  and  1209  is  the  adhesive. 


Thixon  XD  9777/XD  8394  is  a  styrene-butadiene-type  thermo¬ 
setting  system,  again  with  good  flexibility  and  high  strength.  XD  9777  is  uhe 
primer,  and  8394  the  adhesive. 
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Figure  87.  Density — Ablation  Rate  Product  for  Correlation  Motors 
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III,  C,  Effect  of  Heat  Soaking  and  Thermal  Cycling  on  Insulation-Case 
Bond*  (Task  0,  Phase  I)  (cont.) 

Multron  R12/Mondur  CB-T5  is  a  two- component  polyurethane  system 
used  for  bonding  metals  to  themselves  or  to  polyurethanes.  When  the  two  compo¬ 
nents  are  mixed  (100  parts  Multron  R12  to  200  parts  Mondur  CB-75),  the  system 
can  be  cured  at  room  or  elevated  temperature  to  give  excellent  bonds. 


rhwiinnk  PO^g^l  is  a  versatile  elastomeric  bonding  agent.  It 
bonds  to  virtually  all  elastomers.  The  203  is  the  primer,  and  the  231  the 
adhesive. 


Epon  921  A/B  is  a  two- component ,  aluminum-powder- filled  epoxy 
adhesive  having  15*  elongation  and  good  structural  properties.  Part  A  is  the 
adhesive  and  Part  B  the  hardener.  They  were  used  in  a  ratio  of  100  gm  A  to 
25  gm  B.  The  system  can  be  cured  at  room  temperature  for  one  week  or  at  slightly 
elevated  temperatures  such  as  1  hr  at  l80°F. 

The  lowest  temperature  limit  to  which  the  insular xon-case  bond  in 
motor  applications  maj  be  exposed  is  expected  to  be  -65°P •  The  upper  limit  is 
expected  to  be  in  the  range  of  200  to  250°P,  since  thiB  is  the  maximum  allowable 
temperature  without  loss  in  strength  for  case  materials  such  as  glass-filament 
structures  or  titanium,  and  insulation  thicknesses  are  designed  accordingly. 

The  heat-scaked  specimens  were,  therefore,  subjected  to  5-  and  30-min  soak 
periods  at  250°F  and  tested  at  room  temperature.  The  thermal-cycling  specimens 
were  subjected  to  single-  and  ten-cycle  thermal  conditions  of  -65  to  +250  to 
-65°F  art  tested  at  +250°F.  Test  procedures  are  discussed  in  Appendix  I. 

The  test  results  are  shown  in  Figures  88  through  90.  These  data 
indicate  the  following: 

1.  V-UU 

Strength  did  not  significantly  change  as  a  result  of  heat  soak. 
Strength  at  -65°F  also  showed  no  change  as  a  result  of  the  single-  or  ten-cycle 
thermal  environment.  Strengths  retained  at  250°F  after  both  one  and  ten  cycles 
were  approximately  18*  of  the  strengths  at  -65°F. 

2.  V-62 

Strength  did  not  significantly  change  as  a  result  of  heat  soak. 
In  thermal  cycling,  strength  at  -65°F  was  280*  greater  after  ten  cycles  than 
after  a  single  cycle,  for  some  unknown  reason.  Strengths  retained  at  250  F, 
after  thermal  cycling,  were  approximately  39*  of  the  strengths  at  -65°F. 
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Adher <  ve 

2218 
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1621 
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2146 
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1570 

•  -05°F  to  250*F  to  -65°F 

Figure  89.  Effect  of  Thermal  Cycling  on  Lap  Shear  Strength 
of  Ineulation/Case  Bonds  When  Tested  at  -65°F 
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Figure  90.  Effect  of  Thermal  Cycling  on  Lap  Shear  Strength 
on  Xneulat ion/Case  Bonds  vhen  Tested  at  Z50°F 
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III,  C,  Effect  of  Heat  Soaking  and  Thermal  Cycling  on  Inoulati on-Case 
Bonds  (Task  0,  Phase  I)  (cont.) 


A  significant  difference  was  noted  in  the  strength  as  a  result 
of  heat  soak  for  both  the  5-mln  and  30-min  periods.  There  was  no  significant 
difference  in  strength  at  -65°F  after  the  cycling  environment.  Strengths  at 
250°F  after  thermal  cycling  dropped  to  approximately  0.3/5  of  the  strengths  at 
-65°F,  which  was  expected  because  of  the  heat  characteristics  of  this  material. 

4.  SMR  8l-8 

Strength  did  not  significantly  change  as  a  result  of  heat  soak. 
Strength  at  -65°F  after  ten  cycles  showed  an  improvement  of  65)5  over  the  single¬ 
cycle  strength — again,  the  reason  is  unknown.  Strengths  retained  at  250°F  after 
thermal  cycling  were  approximately  25)5  of  the  strengths  at  -65°F. 


While  there  was  some  reduction  in  strength  as  a  result  of  the 
5-min  heat  soak,  the  30-min  specimens  were  equivalent  in  strength  to  the  control 
specimens,  possibly  as  a  result  of  additional  curing.  The  strength  at  -65°F 
after  ten  thermal  cycles  was  25)5  lower  than  in  the  control  specimens.  The 
strengths  retained  at  250°F  after  thermal  cycling  were  approximately  2)5  of  the 
strengths  at  -65°f. 

The  adhesive  materials  used  in  this  program  were  standard  off- 
the-shelf  items.  Higher  strengths  and  more  heat-resistant  Joints  would  undoubt¬ 
edly  have  been  obtained  if  unvulcanized  elastomers  had  been  used  Instead  of 
vulcanized  stock  because  of  the  superior  bonding  properties  of  the  unvulcanized 
materials.  Application  of  special,  more  heat-resistant  adhesives,  such  as 
the  polyimides  and  polyimidazoles,  would  produce  Joints  that  break  in  the 
elastomers.  However,  modifications  might  be  necessary  to  produce  satisfactory 
behavior  at  -65°F.  These  materials  were  not  tested  because  using  them  would 
require  development  effort. 
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SECTION  17 

WORK  PLANNED  FOR  THE  SECOND  STAGE 


A.  LABORATORY  INVESTIGATIONS 

1.  Task  C,  relating  to  the  selection  of  the  significant  properties 
of  elastomeric  insulation,  will  be  completed. 

2.  Task  D,  pertaining  to  the  testing  of  the  significant  properties 
on  the  remaining  ten  materials,  will  be  completed. 

3.  Task  E  work  on  the  influence  of  ingredients  on  behavior  and  per¬ 
formance  of  elastomeric  insulation  wil.,  be  completed. 

U.  Task  F,  relating  to  the  selection  of  the  best  materials  for 
later  installation  in  three  verification  motors,  will  be  completed. 


Report  AFRPL-TH-67-33,  Appendix  I 


APPENDIX  I 

TEST  PROCEDURES  FOR  MATERIAL  PROPERTIES 


I.  VIRGIN  MATERIALS 

A.  KINETIC  STUDIES 

The  apparatus  used  for  these  studies  was  the  thermogravimetric 
(TGA)  balance  (Figure  l)  consisting  of  an  automatic  recording  balance  and  a 
heavy-duty  furnace.  Sample  temperatures  were  obtained  by  monitoring  identical 
samples  within  the  apparatus.  A  linear  heating  rate  of  20°C/min  was  used  up 
to  a  maximum  temperature  of  800°C.  Weight  loss  and  temperature  as  a  function 
of  time  were  recorded  on  all  samples.  Testing  was  conducted  in  an  argon 
atmosphere . 


B.  DIFFERENTIAL  THERMAL  ANALYSIS 

The  differential  thermal  analysis  apparatus  was  used  to  obtain 
data  on  the  exotherms  and  endot'nerms  of  the  various  materials.  In  this 
apparatus,  changes  in  the  sample  temperature  were  referenced  against  graphite. 

A  heating  rate  of  20°C/min  was  used  up  to  a  maximum  temperature  of  oOO°C, 

Testing  was  conducted  in  a  nitrogen  environment. 

C.  DENSITY 

The  density  of  the  virgin  materials  was  obtained  at  three  tempera¬ 
tures  using  the  liquid-displacement  apparatus  shown  in  Figure  2.  Testing  was 
conducted  in  air. 

D.  HEAT  CAPACITY 

To  determine  the  heat  capacity  of  virgin  material,  a  calorimeter 
of  the  type  shown  in  Figure  3  w as  used.  This  method  is  based  upon  the  standard 
drop-method  technique.  The  calorimeter  consists  of  a  Dewar  flask  equipped  with 
a  Beckman  mercury  thermometer  and  a  fitted  aluminum  receiving  cup  immersed  in 
a  heat-transfer  medium.  The  samples  are  heated  bo  the  desired  temperatures 
with  an  electric  multiple-tube  furnace.  The  calorimeter  is  initially  calibrated 
using  a  known  weight  of  copper  or  zinc.  The  heat  capacity  of  a  material  is 
finally  calculated  from  the  following  equation: 


V.  <W  •  Vc  <Tf-Ti 

-  Vw  (VTi} 

where 

w. 

■  Weight  of  sample 

Wc 

■  Weight  of  calorimeter 

v„ 

w 

•  Weight  of  distilled  water 
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Figure  3.  Heat  Capacity  Apparatus 
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C  •  He*.t  capacity  of  sample 

Cc  "  Heat  capacity  of  calorimeter 

*  Heat  capacity  of  distilled  water 

Tg  ■  Temperature  of  sample 

Tf  ■  Final  temperature  of  calorimeter 
■  Initial  temperature  of  calorimeter 

E.  HEAT  OF  COMBUSTION 

Heat  of  combustion  was  determined  by  the  bomb-calorimeter  technique. 
A  Known  weight  of  Baraple  was  electrically  Ignited  in  a  "bomb,"  and  the  heat 
evolved  from  the  combustion  was  determined  by  noting  the  temperature  rise  of 
the  heat  transfer  medium. 

F.  TENSILE  STRENGTH  AND  ELONGATION 

Tensile  strength  and  elongation  were  determined  using  0. 075-in. - 
thick  standard  dumbbell  specimens .  Testing  was  conducted  at  room  temperature 
at  20  in. /min  in  accordance  with  ASTM  D  1*12  (Die  C) . 

G.  WEIGHT  LOSS 

The  weight  loss  due  to  long  heat  soak  was  determined  by  weighing 
before  end  after  heating.  Specimens  approximately  U  by  U  by  1/2  in.  were 
heat-soaked  for  5  and  30  min  after  reaching  1*Q0°F  as  indicated  by  thermo¬ 
couples  embedded  in  the  materials .  The  approximate  time  required  to  bring 
the  center  of  the  specimens  up  to  U00°F  wae  20  min.  After  heating,  the  speci¬ 
mens  were  removed  and  weighed  Immediately  to  avoid  absorption  of  moisture  from 
the  atmosphere . 

H.  REGRESSION  RATES 

The  regression  characteristics  of  the  virgin  materials  were  deter¬ 
mined  by  using  a  plasma-arc  Jet  in  conjunction  with  instrumented  specimens 
1/2  in.  dia  by  2  in.  long.  Three  sets  of  thermocouples  were  installed  at 
nominal  depths  of  0.70,  0.120,  and  0.370  in.  from  the  end.  The  cylindrical 
surfaces  of  the  materials  were  shrouded  with  RTV  60  or  EC  108.  Heat  flux 
levels  of  50,  100,  and  225  Btu/ft2-sec  were  used  to  establish  regression  rates, 
ablation  rates,  and  time-temperature  profiles.  Eight  heating  cycles  were  used 
on  each  specimen  (15  sec  on,  15  sec  off)  with  argon  as  the  plasma  gas. 
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The  pluH-trc  system  utiJ  ited  for  testing  was  the  80  KV  installa¬ 
tion  shows  in  Figure  U.  The  power  aupply  conelate  of  two  bO-KW,  three-phase, 
direct-current  transformer  rectifiers  connected  in  series.  The  plasma  head  is 
located  in  a  chamber  30  in.  dia  by  5  ft  Ion*.  The  unit  is  water  cooled.  'The 
test-specimen  positioner  has  adjustable  arms  for  forward  and  backward  motion. 
A  Kenney  vacuum  pump  is  used  for  chamber  evacuation.  The  heat  flux  of  the  gas 
stream  is  measured  with  a  cold-wall  calorimeter. 


1.  THERMAL  DIFFUSIVITY 


The  flash  method  of  determining  thermal  diffusivity  (thermal 
conductivity)  consists  essentially  of  the  absorption  of  a  very  shopt  pulse  of 
radiant  energy  in  the  front  of  a  specimen,  and  the  recording  of  the  resultant 
temperature  history  of  the  rear  surface. 


In  the  ideal  cage  of  a  perfectly  Insulated  specimen  with  a  constant 
absorptivity  across  its  surface,  uniformly  irradiated  with  a  pulse  of  thermal 
energy  short  compared  with  the  time  required  for  heat  to  flow  through  the 
material,  the  back-surface  temperature  history  is  given  by 


TUjt) 


1  ♦ 


?  JL 

n«l 


(-l)n  exp 


,  2  2 

(-n  n 


a  t/l?) 


(Eq  1) 


where  T(L,t)  represents  the  instantaneous  back  surface  temperature  rise  at 
time  t,  T is  the  maximum  hack  surface  temperature  rise,  a  is  the  thermal 
diffusivity  in  in.^/sec,  L  is  the  specimen  thick:  eBS  in  cm,  and  n  represents 
successive  integers.  At  the  time  t^/g*  where  T(L,t)  ■  0.5  Tm,  Eq  1  reduces  to 


a  • 


1.3TL2  B  0.139L2 
*2  t1/g  tl/g 


(Eq  2) 


Hence,  the  thermal  diffusivity  of  a  material  can  be  determined  from  the  speci¬ 
men  thickness  and  the  time  in  seconds  required  for  the  back-surface  temperature 
to  reach  half  its  maximum  value. 


The  success  of  the  method  depends  upon  adequately  meeting  the 
boundary  conditions  which  lead  to  Eq  1.  Figure  5  is  a  dimensionless  plot  of 
Eq  1  and  represents  the  form  that  the  back-surface  temperature  history  of  the 
sample  will  take  if  these  boundary  conditions  are  satisfactorily  met.  A 
departure  of  th<s  data  from  this  curve  illustrates  that  these  conditions  have 
not  been  met  and  invalidates  the  data. 
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Figure  P la see  Arc  Facility 
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A  condition  vital  in  the  use  of  Eq  1  is  that  the  front  surface  of 
the  sasqjle  he  uniformly  Irradiated  vith  a  pulse  of  thermal  energy  in  a  time 
which  is  short  compared  to  the  rise  time  of  the  back-surface  temperature.  To 
accomplish  this,  a  xenon  flash  lamp  is  used  as  the  source  of  that  thermal 
pulse.  The  lamp  used  is  a  General  Electric  Type  524  through  which  600  joules 
are  discharged.  The  pulse  was  essentially  completed  in  500  microsec,  while 
the  time  to  one-half  of  the  maximum  of  the  rear  surface  temperature  was  for 
the  most  part  50  to  300  microsec.  It  should  be  noted  in  Eq.  2  that,  for  a  given 
material,  the  rise  time  of  the  rear  surface  temperature  is  a  function  of  the 
square  of  the  sample  thickness.  A  sample  thickness  sufficient  to  satisfy  this 
condition  of  a  short  pulse  duration  should  be  used.  However,  for  a  given 
amount  of  input  energy,  the  maximum  temperature  rise  attained,  Tm,  is  an 
inverse  function  of  the  thickness  of  the  sample,  and  in  order  to  maximise  the 
temperature  of  the  irradiance,  the  distribution  of  that  irradlance  on  the 
front  surface  of  the  sample  is  important  as  noted  earlier.  It  is  a  simple 
procedure  to  obtain  uniform  irradiation  on  a  small  flat  surface  from  a  flash 
lamp,  but  it  is  a  boundary  condition  which  must  nevertheless  be  satisfied; 
otherwise,  the  shape  shown  in  Figure  1  may  be  distorted.  The  2-ln.-dia  helical 
lamp  is  placed  without  optics  only  a  few  centimeters  from  the  saaple. 

The  other  boundary  condition  imposed  oh  Eq  1  is  that  the  specimen 
be  perfectly  insulated.  The  degree  to  which  this  is  satisfied  within  the  time 
limits  of  interest  is  indicated  by  the  decay  rate  of  the  back-surface  tempera¬ 
ture  after  the  maximum  T  is  attained.  Because  of  these  factors,  the  sample 
holder  should  be  designed  so  as  to  minimize  all  heat  losses.  Conductive  heat 
losses  are  minimized  by  supporting  the  sample  on  a  small  area.  If  appropriate 
care  is  exercised  by  the  experimenter,  conduction  heat  losses,  as  well  as 
convective  heat  losses,  are  negligible  because  of  the  short  times  involved  in 
the  flash  technique.  Radiative  heat  losses  at  high  temperatures  cannot  be 
eliminated  and,  therefore,  could  constitute  the  greatest  problem  in  the  satis¬ 
faction  of  this  boundary  condition. 

This  method  of  diffusivi...  urements  has  been  successful  at 
ambient  temperature  in  air*  and  up  to  lu,.  'n  an  argon  atmosphere**  using  a 
resistance  furnace  and  a  thermocouple  as  the  .  .-ar-surface  temperature  detector. 

Radio-frequency  induction  heating  is  the  most  convenient  means  of 
heating  small  samples  to  high  steady-state  temperatures.  In  addition  to 
satisfying  the  requirement  of  producing  high  temperatures .  this  form  of  heating 
is  very  fast  and  temperature  equilibrium  is  reached  quite  rapidly.  Induction 
heating  has  another  advantage  in  that,  by  using  ceramic  supports,  only  the 


* Thermal  Diffusivity  of  Stainless  Bteal  Over  the  Temperature  Range  go°c-i00Qoc. 
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•“"Flash  Method  of  Determining  Thermal  Diffusivity  Heat  Capacity  and  Thermal 
Conductivity,"  W.  J.  Parker,  R.  J.  Jenkins,  C.  P.  Butler,  and  G.  L.  Abbott, 

J.  Agpl.  Phys.  32.  1679  (1961) 
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seep  l  >  itself  attains  the  high  tsmperature.  The  radiating  surface  area  is 
therefore  less ,  and  consequently  the  vails  of  the  vacuum  chamber  are  easier  to 
keep  cool,  end  the  use  of  rubber  seals  is  facilitated. 

The  experimental  apparatus  used  in  these  Measurements  is  shown 
schematically  in  figure  6.  The  induction-heater  coil  leads  are  fed  into  the 
vacuum  chamber  and  form  a  coll  with  an  ZD  of  about  1  in.  The  sample  is  held 
in  position  in  the  coil  by  a  mount  machined  from  lava  and  baked  to  a  ceramic. 
Shields  of  baked  lava  prevent  heating  of  the  chamber  vails  by  radiation  from 
the  sample,  fused  quarts  is  used  for  the  top  window  because  the  large  thermal 
gradients  close  to  the  hot  samples  would  crack  glass  windows.  The  steady-state 
temperature  at  which  smasurements  are  made  is  indicated  by  thermocouple  leads 
which  are  fastened  to  the  edge  of  the  aample  and  fed  out  of  the  vacuum  system. 

An  optical  pyrometer  is  used  at  temperatures  above  which  platinum/platinum- 
rhodium  thermocouples  will  perform.  A  glass  lens  below  the  sample  focuses  the 
center  portion  of  the  rear  of  the  sample  on  a  lead  sulfide  cell  which  measures 
the  surface-temperature  history  ovsr  a  range  from  300  to  l8oo°C.  The  linearity 
of  the  lead  sulfide  cell  is  adequate,  since  the  temperature  change  of  the 
sample  duo  to  the  pulse  is  not  more  than  a  few  degrees.  It  should  be  noted 
that  a  knowledge  of  the  detector  sensitivity  or  the  thermal  input  to  the  sample 
is  not  required  because  only  tj/2  involved  in  Eq  2,  and  this  time  can  be 
determined  from  the  calibrated  sweep  of  the  oscilloscope. 

The  detector  is  connected  differentially  through  a  load  selector 
and  balance-control  unit  to  the  differential  preamp  of  an  oscilloscope.  The 
use  of  differential  detector  circuitry  is  necessary  to  minimize  the  effects  of 
the  extremely  high  magnetic  field  which  surrounds  induction-heating  coils.  A 
trigger  delay  circuit  is  vised  to  fire  the  flash  lamp  after  the  oscilloscope 
sweep  has  been  triggered.  This  is  necessary  in  order  to  have  a  base  line  on 
the  print  from  which  to  aeasure  the  change  in  the  detector  output  voltage. 

Figure  T  is  a  Polaroid  Land  Camera  print  of  the  oscilloscopic 
display  of  the  detector  output.  When  the  shape  of  the  temperature  rise  is 
compared  with  Figure  3,  the  agreement  Indicates  that  the  boundary  requirements 
have  been  satisfied  by  the  samples  reported  here.  Since  heat  losses  from  the 
sample  would  show  up  as  a  decay  in  the  detector  output  after  the  initial  rise, 
it  is  evident  from  this  print  that  the  thermal  pulse  travels  through  the  sample 
in  a  time  which  Is  extremely  short  compered  with  the  time  required  for  the 
sample  to  return  by  heat  losses  to  the  equilibrium  tenperature  at  which  the 
measurement  la  made.  Mon uniform  illumination  of  the  front  surface  could  distort 
the  knee  of  the  curve. 
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Figure  b.  Schematic  Diagram  of  Experimental  Arrangement 
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Figure  7.  Examples  of  Temperature  History  of  Elastomeric  Insulation 

Specimens 
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II.  DETERMINATION  OF  DECOMPOSITION  PRODUCTS  OF  PYROLYZKD  MATERIALS 

The  insulation  materials  were  pyrolyzed  in  a  bomb  shown  in  Figure  8. 

This  bomb  was  leak  proofed  under  vacuum,  high-pressure,  and  high- temperature 
conditions.  Also  shown  in  Figure  8  is  the  adapter  which  was  used  to  transfer 
gas  samples  directly  into  the  mass  spectrometer. 

A  temperature-pressure  study  was  carried  out  to  determine  the  best  system 
which  could  be  utilized  for  analytical  purposes.  A  pressure  of  3^*9 .3  ^ig  at  a 
pyrolytic  temperature  of  55Q°C  were  the  conditions  derived. 

Oas  samples  vere  introduced  directly  from  the  pyrolysis  bomb  into  a 
CEC21-103C  mass  spectrophotometer .  A  scan  vu  made  over  the  entire  mass  range 
from  hydrogen  up  to  a  sums  of  U08  to  ensure  complete  coverage  of  products.  The 
bomb  was  then  cooled  with  liquid  nitrogen  and  the  hydrogen^heliua  and  other  low 
molecular  weight  gases  vere  removed  under  vacuum.  Another  scan  was  made  of  the 
remaining  materials  to  aid  in  their  qualitative  identification. 

Another  sample  was  run  in  a  Perkin-Elmer  Vapor  Fractometer  to  aid  in 
the  identification  of  the  major  components.  After  all  of  the  major  components 
vere  identified,  standard  mass  apectrophotomstrlc  scans  vere  made  and  all  peaks 
calculated.  A  system  of  taking  the  highest  molecular  weight  component  and 
removing  its  contribution  to  the  scan  was  used.  By  working  down  the  scan  and 
using  simultaneous  equations  where  necessary,  it  was  possible  to  identify  a 
minimum  of  95  mole}  of  the  constituents  present. 

After  analysis  of  the  gases  evolved  during  sample  pyrolysis,  the  bomb 
was  opened  and  the  char  was  removed.  The  chars  were  then  analysed  using  X-ray 
diffraction,  emission  spectrography,  elemental  analysis  (C,  H,  H,  0)  and 
calorimetry  techniques. 

IH.  CHAR  LAYERS 

The  charred  specimens  vere  formed  in  a  high-pressure  end  high-temperature 
apparatus,  a  schematic  or  which  is  shown  in  Figure  9 •  It  coneletj  of  an  induc¬ 
tion  coil  with  either  a  tungsten  or  pyrolytic  graphite  susceptor  as  the  beating 
source,  a  high  pressure  Jacket  housing  the  insulation  coll,  thermocouples  to 
monitor  sample  teoperature ,  a  hydraulic  ram  to  position  sample,  a  graphite 
sample  holder,  and  a  cooldown  zone  within  a  graphite  black  body.  Energy  is 
furnished  by  a  T0CC0  power  supply  rated  at  U00  volts  and  125  saps.  The  auto¬ 
clave  is  capable  of  800  psi  pressure  and  vacuum  operation.  The  tungsten 
susceptor  has  a  higher  surface  temperature  (i«040oF)  than  the  graphite  susceptor 
(35**0°F)  hut  a  lower  heat  flux  capability  (57  vs  119  Btu/ft^-sec)  because  of  a 
lover  emissivity. 

A.  DENSITY 

The  bujjc  densities  or  the  charred  materials  from  both  the  correla¬ 
tion  motors  and  high-pressure  and  high-i,emperature  apparatus  vere  obtained  by 
first  measuring  msohined  rectangular  specimens  of  the  materials  and  then 

weighing  same. 
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B.  PERMEABILITY 

The  pe rue ability  of  the  cnarred  specimens  or  the  resistance  to  g&s 
flow  through  the  porous  specimens  was  experiment  ally  determined  by  use  of  the 
apparatus  shown  In  71 cure  10.  The  apparatus  consists  of  two  separate  units: 

(1)  as  upper  high-pressure  chamber  which  connects  to  a  high-pressure  nitrogen 
gas  supply  and  to  a  high-pressure  calibrated  Heise  gage  and  (2)  a  lower  unit 
which  supports  tha  sample  and  connects  to  a  Piecher-Porter  Flowrator.  Nitrogen 
gas  at  room  temperature  was  allowed  to  flow  into  the  preseure  chamber  and 
through  the  specimen  at  various  pressure  levels.  The  ensuing  nitrogen  gas  was 
metered  by  use  of  the  calibrated  Plscber-Porter  Flowrator.  Samples  carefully 
machined  to  0.75  in.  in  diameter  and  0.25  in.  in  thickness  were  used  in  this 
determination.  The  samples  were  supported  on  a  0.030  in.  wide  ledge  and  sealed 
into  place  by  a  silicone  rubber  sealint.  The  silicone  rubber  sealant  was 
placed  around  the  lateral  surface  of  the  cample  and  on  the  support  ledge  to 
prevent  gas  flow  through  the  lateral  surface  and  gas  leakage  around  the  a ample . 
The  sealant  was  allowed  to  cure  for  2L  hr  in  each  case  before  any  measurements 
were  obtained. 

C.  POROSITY  AND  PORE  SPECTRA 

The  porosity  snd  pore  spectra  of  the  charred  specimens  wer>  deter¬ 
mined  on  an  Aminco-Winslow  Purosimeter  which  esploys  the  mercury  intrusion 
technique.  Open  porosity  measurements  were  made  by  forcing  mercury  into  the 
pores  of  the  specimen  under  pressures  up  to  5000  psi.  At  this  pressure,  mercury 
will  flow  into  a  pore  as  small  as  0.035  microns  in  diameter.  The  volume  of  the 
mercury  intruded  ie  a  direct  measure  of  the  volume  of  open  porosity  of  the  test 
sample.  The  pore  sire  distribution  can  be  determined  from  the  relationships  of 
pressure,  surface  tension  of  the  mercury  and  contact  angle  between  the  mercury 
and  the  surface  of  the  test  material. 

The  method  used  conelsted  of  placing  a  sample  approximately  one  gram 
in  else  in  the  penetrometer  and  evacuating.  Mercury  was  then  admitted  until 
the  penetrometer  was  filled  and  the  specimen  covered.  The  mercury  level  was 
recorded  at  each  pressure  level.  Isopropyl  alcohol  was  used  as  the  hydraulic 
fluid  to  pressures  up  to  5000  psi. 

D.  SHEAR  STRENGTH 

The  shear  strength  of  the  charred  specimens  was  determined  in  a 
single  shear  test  fixture  at  room  tesperature .  A  200  lb  Instron  tensile  tester 
was  used  for  this  determination  with  a  cross  head  speed  of  0,05  in. /min. 

Samples  tested  were  appro  *j.Ej&teiy  0.500  in.  in  diameter  and  0.75  in.  in  length. 
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X.  C0NPRES8IVE  8TRLN0TH 

Dm  compressive  strength  of  the  charred  speciaen  vss  obtained  in  a 
standard  ooapresslve  fixture  at  room  temperature  is  accordance  with  ASTM  1)695-5^ . 
A  Tinlus-Olsen  Scree  Driven  Machine  wee  used  for  this  determination.  The  com¬ 
pressive  load  was  applied  to  0.500  in.  diameter  by  approximately  0.75-in. -long 
specimene  at  a  cross  head  speed  of  0.50  in. /min. 

F.  TEN8ILE  8TREN0TH 

The  tensile  strength  of  the  charred  specimens  was  determined  at 
room  temperature  In  accordance  with  ASTM  D63B-527  using  a  Baldwin-Lima-Hemilton 
Universal  Tasting  Machine.  A  lad  rate  of  0.2  in. /min  was  used  in  all  tests. 
Slaoe  the  charred  specimens  were  vs.-v  fragile  and  very  flakey  in  nature,  load 
gripe  for  holding  the  specimene  were  modified  from  standard  procedures  somewhat 
in  order  to  conduct  the  tests.  The  load  grips  in  this  case  were  made  by  potting 
both  ends  of  a  0.500-in .-diameter  sample,  0.75-in.  long  in  epoxy-resin  and  then 
Inserting  small  steal  hooks  into  the  resin  at  opposite  ends  of  the  sample . 

0.  DC  SSI  VI TY 

The  eaieslvity  of  the  charred  specimens  was  determined  by  use  of 
a  total  radiation  pyrometer  and  the  high-temperature ,  high-pressure  heating 
apparatus.  A  2-mm-dlameter  hole  0.375  in.  deep  was  drilled  into  a  charred 
specimen  0.500  in.  in  diameter  and  approximately  0.75  in.  long.  These  partic¬ 
ular  specimens  were  not  shrouded  with  RTV60  to  allow  uniform  heating  along  the 
entire  length.  The  specimens  were  placed  into  the  hot  tone  of  the  charring 
apparatus  end  heated  on  all  surfaces  to  Incandescence.  Data  was  taken  at  three 
temperature  levels  after  obtaining  thermal  equilibrium  is  each  case.  A  black- 
body  taoperature  was  obtained  by  sighting  into  the  small  drilled  cavity.  The 
aurface  temperatures  were  obtained  by  sighting  around  the  periphery  of  the 
small  hole  on  tbs  surface  of  the  specimen.  The  average  temperature  of  the 
measured  periphery  values  was  used  on  the  surface  temperature . 

The  black-body  temperatures  and  surface  temperatures  were  obtained 
by  sighting  through  a  90°  angle  prism  which,  is  turn,  web  placed  upon  the 
quarts  view-port  of  the  high-pressure ,  high -temperature  apparatus.  Prior  to 
the  above  measurements,  "blank"  temperature  measurements  were  made  on  a  graphite 
sample  to  determine  the  error  associated  with  light  absorption  and  light 
scattering  from  the  quarts  view-port  end  the  90°  optical  prism.  It  was  found 
that  in  the  taoperature  range  of  interest  (2000  to  350O°F)  only  a  ljf  loss  in 
total  taoperature  occurred. 

H.  THERMAL  CONDUCTIVITY 

The  same  test  procedures  as  used  for  thermal  conductivity  of  virgin 

saterlal  were  used. 
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111,  Char  Layers  (cunt.) 


I .  HEAT  CAPACITY 

The  sane  test  procedures  as  used  for  heat  capacity  of  virgin  mate¬ 
rials  were  used. 

J.  THERMAL  EXPANSION 

A  quart  e-tube  dilatoneter  was  used  to  determine  the  thermal  expan¬ 
sion  of  the  charred  specimens  in  accordance  vith  ASTM  D696-UI.  The  instrunent 
consists  essentially  of  an  outer  tube  of  fused  quarts  (20  in.  long,  0.5  in. 
inside  diameter  and  a  wall  thickness  of  about  2  mm),  and  an  inner  tube,  or 
extension  rod,  of  fused  quarts  (18  in.  long  vith  an  outside  diameter  such  that 
this  tube  is  allowed  to  fit  snugly  inside  the  outer  tube  without  binding) . 

The  specimen  is  placed  into  the  open  trough  (about  1.5  in.  long)  that  is  avail¬ 
able  at  one  end  of  the  outer  tube  and  the  extension  rod,  vith  a  hemispherical 
seat  on  one  end,  is  allowed  to  rest  against  the  top  flat  portion  of  the  cylin¬ 
drical  specimen.  The  whole  assembly  of  outer  tube,  specimen,  and  extension  rod 
1b  then  placed  horisontally  into  a  standard  laboratory  oven  type  heater.  The 
extension  rod  connects  to  a  strain-gage-galvonometer  type  arrangement  which 
transmits  the  displacement  as  the  sample  expands.  Samples  0.5  to  1.0  in.  long 
by  0.25  in.  in  diameter  and  heating  rates  of  20°F/min  were  used  in  this  deter¬ 
mination.  The  maximum  temperature  obtained  was  l652°F.  The  change  in  length 
of  the  specimen  over  a  range  of  temperature  on  either  side  of  the  nominal  test 
temperature  was  recorded  at  each  temperature  level. 

IV.  INSULATION -CASE  BONDS 


The  effect  of  thermal  cycling  and  long  heat-soak  periodB  on  insulation- 
case  bonds  was  determined  by  conducting  lap  shear  tests  in  accordance  with 
ASTM-D1002-535 »  at  a  rate  of  0.05  In. /min.  The  specimens  were  prepared  with 
0.125- in. -thick  vulcanised  insulation  material  and  Ul.30  steel  substrates,  as 
follows : 


1.  All  surfaces  were  abraded  with  100  grit  AlgO^*  wiped  with  MEK  and 
air  dried  for  15  minutes . 

2.  Primer  was  applied  when  required-air  dried  for  30  minutes. 

3.  Adhesive  waB  applied  and  lap  shear  specimen  assembled;  a  thermo¬ 
couple  was  embedded  in  one  specimen  of  each  teBt  group  for  monitoring  the  test 
environment . 
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XV,  Ineulati on*Cuc  Bond*  (cont.) 


4.  Specimens  were  vacuum  bagged  and  cured,  a*  follows: 

a.  Tbixon  PU/1209,  2  hr  at  300°F 

b.  Tbixon  XD9TTT/XD8394,  2  hr  at  200°F 

c.  Multron  R12/Mondur  CB-75 ,  3  hr  at  200°F 

d.  Chsmlock  231/203,  2  hr  at  250°F 

e.  Epon  921A/B,  1  hr  at  l80°F 

f.  Specinens  were  cooled  under  vacuum. 

5 .  The  temperature  cycling  specimens  were  alternately  cooled  by 
iaraeralng  in  a  dry  Ice-alcohol  mixture  and  heated  by  means  of  an  oven.  The 
specinens  were  moved  between  the  media  as  quickly  as  possible. 
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APPENDIX  II 

TEMPERATURE-TIME  PLASMA  ARC  DATA 
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Figure  13* 
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THROAT  DIAMETER  TOR  CORRELATION  MOTORS 


THROAT  DjAMKER  REQUIRED  FOR  700-pel  MOICRAL  QPKRATIHO  PRESSURE 


a  .  llhll 

N  Sr*' 


\ 

P 

*> 

r 

Cv 

P 


throat  area 

tensity  ■  0.0639  lb/cu  in. 

k  jpellant  area  ■  135*297  sq.  In.  (13-1/6  in.  dia) 
burning  rate  ■  0.365  in. /sac  at  TOO  pel 
caass  flow  coefficient  *  0.00626  1/sec 
chamber  pressure  *  700  psl 


0.0*^  13  '7  x  0.365 

o.do2L„  x  too 


0.720  sqt  in. 


Throat  dlaaeter  ■  0.960  in. 

■OMIRAL  OPERATING  P  ,->uRE  WITO  l-ln.-dla  THROAT 


p  *  \  *  r 
cv  x  \ 

m  0-0639  x  135.29T  x  0.355 
0.00626  x  0.785 


o20  psi  (too  low,  use  0.960-ln.  nominal  throat  dlaaeter) 
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The  primary  purpose  of  this  program  is  to  investigate  the 
properties  and  behavior  of  elastomeric  insulation  materials 
during  multiple  restart  conditions,  and  the  influence  of 
these  properties  on  materials  performance.  During  the  first 
phase  of  work,  tests  vere  conducted  to  determine  the  five 
representative  materials  for  correlation  at  a  later  date  with 
motor  performance.  Designs,  test  firings,  and  performance 
analyses  vere  completed  for  the  three  correlation  motors 
(single-pulse,  tvo-pulse,  and  three-pulse).  The  effects  of 
heat  soaking  and  thermal  cycling  on  the  lap  shear  strengths 
of  insulation-case  bonds  vere  determined. 
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